SYNOPSIS. Viviparity in the vertebrate line first makes its evolutionary appearance among fishes. It has independently evolved in a number of divergent piscine lineages. The 54 families of extant fishes that bear living young include 40 families of chondrichthyans (sharks and rays), one montypic family of coelacanths (Latimeria), and 13 families of teleosts. There is fossil evidence for viviparity in holocephalans and chondrosteans. Viviparity predominates among sharks and rays (40 families, 99 genera, 420 species) but is less widespread among teleosts (13 families, 122 genera, 510 species). Following an historical introduction, the organization of the female reproductive system, sites of gestation, developmental sequences and superfetation are considered. The evolution of viviparity establishes specialized maternal-fetal relationships, viz., 1) developmental, 2) morphological, 3) trophic, 4) osmoregulatory, 5) respiratory, 6) endocrinological, and 7) immunological. While the latter four categories are briefly noted the major emphasis is on the trophic relationship and its morphological and developmental basis. First, a general overview is presented and then the maternal-fetal trophic relationships in each of the major groups of fishes are systematically reviewed. Pertinent anatomical, histological, ultrastructural, developmental, physiological, and biochemical studies are considered. Viviparous fishes are either lecithotrophic, i.e., exclusively yolk dependent, or matrotrophic, i.e., in receipt of a continuous supply of maternal nutrients during gestation. Nutrient transfer is accomplished by 1) oophagy and adelphophagy, 2) placental analogues, and 3) the yolk sac placenta. Placental analogues include: external epithelial absorptive surfaces, e.g., skin, fins, gills; trophonemata, modifications of the uterine epithelia for the secretion of histotrophe or "uterine milk"; branchial placentae, close apposition between gill epithelia and either uterine or ovarian epithelial villi; the yolk sac; pericardial amnion and chorion; follicular pseudoplacenta, close apposition between follicle cells and embryonic absorptive epithelia; hypertrophied gut; and trophotaeniae, external rosette or ribbon-like projections of the embryonic gut. Among chondrichthyans, the yolk sac placenta (840-1,050%), trophonematal secretion and embryonic absorbtion of histotrophe (1,680-4,900%) and oophagy and adelphophagy (1.2 x 10 6 %) are the most efficient methods of nutrient transfer. Among teleosts, the follicular pseudoplacenta (1,800-3,900%), trophotaeniae (8,400%) and absorption of ovarian histotrophe through surface epithelia and a hypertrophied gut (1,100-34,000%) are the most efficient. These values stand in contrast to the 30-40% loss of dry weight characteristic of oviparous fishes and viviparous lecithotrophes.
INTRODUCTION
casions cannot entail any very radical Viviparity occurs in all vertebrate classes transformation of the vertebrate mode of except birds. It is often, perhaps erro-life." This viewpoint tended to be conneously, considered to reach its climax in firmed by the fact that the evolution of mammals, all of which, with the exception mammalian placentation has been accomof the monotremes, are viviparous. Inter-panied not by the evolution of new fetal nal gestation is not, however, a mammalian structures but by the modification of the innovation. It has independently evolved yolk sac, chorion, and allantois of the repmany times and with many variations in tilean cleidoic egg. Ironically, Medawar widely separated taxonomic groups. It oc-notes that the problems of viviparity have curs among many different kinds of inver-not been satisfactorily solved from the antebrates and all three classes of cold-blood-imal's point of view. Even in mammals, the ed vertebrates. For this reason, Medawar maternal-fetal relationship seems inept (1953) noted that zoologists have been in-and is fraught with immunological difficlined to take viviparity for granted: culties (Medawar, 1953) . Moreover, the "There is an undercurrent of thought problem of viviparity has not been satiswhich suggests that a problem which has factorily solved from the zoologist's point been solved independently on so many oc-of view. By emphasizing the apparent ease vvith which viviparity has evolved, its evolutionary complexity and diversity have been overlooked and an opportunity to explore the evolutionary process in a welldefined and biologically significant developmental system has been largely neglected.
Viviparity is a highly successful mode of reproduction that has evolved repeatedly. Its independent origin in different taxa, as well as parallelism and convergence in the acquisition of those adaptations responsible for its success, can best be understood by the study of the more primitive vertebrates. During the transition from oviparity to viviparity in fishes, reptiles, and mammals, profound changes have occurred in the nature of the egg and in the structure of the female animal. The evolutionary innovations have involved: 1) decrease in number of eggs shed; 2) perfection of internal fertilization; 3) utilization of the yolk sac for absorbing secreted nutrients; and 4) intrauterine care of a few young to relatively advanced stages in development . The first stage in transition from oviparity involves egg retention without maternal dependency. Once this has been attained, further evolutionary changes have involved a loss of yolk concomitant with the specialization of embryonic and maternal tissues as organs of nutrition and internal secretion (Amoroso, 1960) . The acquisition of viviparity brings into play a variety of fetal-maternal relationships including: 1) developmental, 2) morphological, 3) trophic, 4) osmoregulatory, 5) respiratory, 6) endocrinological, and 7) immunological. Given the present state of our knowledge, trophic relationships and the resulting developmental and morphological modifications appear to be of greatest evolutionary significance. The other four kinds of relationships, although obviously of importance, will only be briefly commented on.
Fishes are of primary importance in understanding viviparity and the maternalfetal relationship. Viviparity first makes its evolutionary appearance in the vertebrate line among fishes. Although viviparity is the exception rather than the rule among the non-tetrapodous vertebrates, it is nonetheless widespread. In the elasmobranchs and teleosts, there is an array of species almost forming a continuous progression from primitively viviparous species, in which the eggs have sufficient yolk for the nourishment of the young d the female provides only protection, to truly viviparous species in which the yolk content of the egg is greatly reduced and the developing young depend on maternal tissues to satisfy nutritional, respiratory, and excretory requirements (Amoroso, 1960; Hoar, 1969) . All of the known structural adaptations for maternal-fetal nutrient transfer evolved first among fishes, among them the yolk sac, yolk sac placenta, amnion and chorion-like structures, placental analogues, fetal epithelial absorptive structures, and follicular and uterine secretions. These developed independently in several divergent lineages. Transitional stages in the sequential evolution of these structures exist and provide experimental systems in which a particular modification of a nutrient transfer structure can be studied phylogenetically as well as ontogenetically. Our operating hypothesis is that the structure of the vertebrate ovary and oviduct, already well defined in the most primitive of gnathostomes, viz., sharks and related fishes, has imposed constraints on the possible paths of evolutionary innovation. Fishes may be looked upon as a kind of evolutionary laboratory in which various modes of fetal-maternal relationships have been experimentally tested. Some adaptations, such as the placenta, which are presumably the more successful ones, have evolved repeatedly-in fishes, reptiles, and mammals-using the same "raw materials." Because of this, fish viviparity can be used productively to explore the question of how evolution acts on and alters the developmental process itself. Most interesting is the apparent paradox between the stability of developmental pathways and the abundant evidence that they have been repeatedly altered in both similar and dissimilar ways. In this respect, one can explore the theory (Gould, 1977; Gould and Lewontin, 1979) that developmental constraints may be the Downloaded from https://academic.oup.com/icb/article-abstract/21/2/473/206338 by guest on 18 September 2019 most powerful factor in controlling the selection of possible evolutionary pathways.
Viviparity in fishes has been the subject of several reviews and bibliographic treatments since that of Ryder (1886) . Dean's M bibliography of fishes (1916 Dean's M bibliography of fishes ( -1923 ) is eswpecially useful for early references. Needham (1942) synthesized available information on the physiology of development. In 1947, Turner summarized his own extensive studies of teleostean adaptations. Matthews (1955) considered the evolution of viviparity. Since then there have been the following reviews: 1) chondrichthyan viviparity (Budker, 1958) ; 2) teleostean viviparity (Benin, 1958) ; 3) viviparity in fishes (Amoroso, 1960) ; 4) modes of reproduction (Breder and Rosen, 1966) ; 5) fish reproduction and development (Hoar, 1969) ; 6) a popular compendium of viviparous teleost fishes (Jacobs, 1971) ; 7) an overview of viviparity including fishes (Hogarth, 1976) ; and 8) chondrichthyan reproduction (Wourms, 1977) . Recent reviews of viviparity in other lower vertebrates that may be of interest for comparative purposes are those of Wake (1977a, b) on Amphibia and Packard et a/.(1977) , and Tinkle and Gibbons (1977) on reptiles. In conclusion, it is important to realize that the study of viviparity, especially maternal-fetal nutrient transfer, is still in its infancy. For many groups of viviparous fishes, e.g., ophidioids, poeciliids, clinids, and hemirhamphids, even the most basic of morphological information is lacking. Even the existence of viviparity in major taxa of fishes is still the subject of discovery. Smith et al. (1975) discovered viviparity in Latimeria, the living coelacanth, in 1975 coelacanth, in . Beltan (1977 described the fossil of a full-term gravid female Birgeria. This actinopterygian fish is closely related to the chondrosteans, a group not previously known to include viviparous species. Lund (1980) presented evidence for viviparity in fossil holocephalans, a group previously considered to be oviparous.
THE REPRODUCTIVE SYSTEM AND DEVELOPMENTAL SEQUENCEŜ
Viviparity among fishes occurs only in the chondrichthyan (cartilaginous) fishes, the coelacanths, and the teleosts (modern bony fishes). There are fundamental differences among the groups with respect to the organization of the reproductive system, sites of gestation, and patterns of de- velopment. An appreciation of these differences is necessary for a full understanding of maternal-fetal trophic relationships. Since the reproductive biology of both the bony and cartilaginous fishes has been subject to recent reviews (Hoar, 1969; Wourms, 1977) , only their salient features will be outlined here.
Female reproductive system
The female reproductive system of chondrichthyans consists of the ovaries and oviducts. The organization of both structures is highly variable and this is associated with the wide range of reproductive patterns, especially viviparity. Although the ovaries and oviducts begin development as paired structures, they often become asymmetrical in adults. In some viviparous sharks, e.g., Carcharhinus, Galeus, Mustelus, and Sphyrna, the right ovary is functional and the left ovary atrophies. Nevertheless, both oviducts are present. Among the viviparous rays, the right ovary and oviduct undergo varying degrees of reduction or loss. In most chondrichthyans, the ovary is in the gymnovarium (naked) condition, with the outer surface of the ovary covered by the germinal epithelium. Ovarian follicles develop from this epithelium. From these mature ova are discharged into the abdominal cavity. The oviduct originates as a simple tubular Mtillerian duct which then undergoes regional differentiation. Four regions of the oviduct can be distinguished: an anterior ostium tubae; the shell or nidamental gland; a connecting isthmus; and an expanded posterior uterus. Ovulated eggs enter the oviduct through the ostium and progress to the shell gland where they are fertilized. The shell gland is a site of sperm storage and in addition sythesizes and secretes a collagenous egg case. In viviparous species, the shell gland and its product, the egg case, tend to be reduced or vestigial. The posterior region of the oviduct, the uterus of viviparous species, is highly de-veloped and displays various modifications for viviparity {cf., -Wourms, 1977 for further details and references).
The female reproductive system of the osteichthyan fishes (the coelacanth and teleosts) consists of the ovaries and oviducts. Their structure is variable. The ovaries begin development as paired structures. Subsequently, they may retain their individuality, or may fuse in whole or part. In some instances, primordia may fail to develop. In the coelacanth, there is a tendency toward ovarian asymmetry. The right ovary is functional whereas the left tends to be sterile (Millot etal, 1978) . The coelacanth ovary is a solid organ. Mature eggs apparently are released into the coelom where they enter the oviduct via an anterior ostium tubae, are fertilized, and complete their gestation in the uterine portion of the oviduct (Smith et al., 1975) . Only the right oviduct develops. Almost all viviparous teleosts have a single median ovary. Only in a few taxa, e.g., the rockfish genus Sebastodes; and the hemirhamphid or halfbeak Dermogenys; and the ophidioid, Slygicola is the ovary either double or only partially fused (Amoroso, 1960; Hoar, 1969) . The teleost ovary may be either a solid or a hollow organ. The hollow ovary in which the germinal epithelium lines the interior of the ovarian cavity (cystovarian state) is characteristic of the viviparous teleosts. The ovary is enclosed in an external sac formed by the peritoneal folds during development. Beneath it, there are one or more layers of heavily vascularized connective tissue. Smooth muscle and elastic connective tissue are conspicious components of this region. The germinal epithelium with its ovarian follicles and supporting connective tissue stroma lines the interior of the ovarian cavity. It and its associated connective tissue undergo a complex folding to form a series of ovigerous folds or sheets which project into and almost occlude the ovarian cavity. According to Amoroso (1960) , a continuous internal epithelium lines the ovarian cavity. Depending on the pattern of viviparity, mature eggs, fertilized eggs, or developing embryos are released from the ovarian follicles into the ovarian cavity. In viviparous teleosts, the wall of the ovary is continuous with a gonoduct which extends posteriorly and opens to the exterior at the genital pore. Even though it serves the same function, the teleost gonoduct is not homologous with the oviduct of the chondrichthy^â n fishes, the coelacanth, and o t h e rv ertebrates in which the oviduct is a modified Miillerian duct. In the viviparous teleosts, the gonoduct is formed by the posterior growth of the ovarian tunic and its associated elastic connective tissue and smooth muscle layers {cf., Amoroso, 1960; Amoroso et al., 1979; Hoar, 1969; Dodd, 1977 , for further details and references).
Developmental sequences
The sequence of events in the reproduction and development of most viviparous fishes differs from that found in unspecialized oviparous fishes. Not only is the sequence altered, but also many of the events that occur within the body of the female (Turner, 1947) . Taking a cue from Turner (1947) , James W. Atz and C. Lavett Smith (unpublished) recognize four special events in the developmental process (also refer to Hoar, 1969) . These are: 1) Ovulation -O-. The process by which a mature egg (or embryo) leaves the ovarian follicle; 2) Fertilization -F-. The activation of the egg by the sperm, the fusion of male and female pronuclei, and initiation of development. 3) Hatching -H-. The process by which the embryo leaves its surrounding egg envelopes; and 4) Parturition -P-. The process by which an em-' bryo leaves the maternal body through the gonoduct and vent. When the egg is still surrounded by an intact egg envelope, the terms extrusion or oviposition are usually employed.
The order in which some of these events occur relative to the others is a part of a fixed sequence. Fertilization must precede hatching, but can occur before ovulation. Ovulation must precede parturition. In a typical oviparous fish with external fertilization e.g., the trout, Salmo, the sequence of events is: O-P-F-H. In an oviparous fish with internal fertilization, e.g., the skate, Raja, the sequence of events is: O-4 F-P-H. In viviparous fishes, the se-quence of events is changed. Since fertilization is now internal, fertilization (F) always precedes parturition (P). There is, however, a basic difference among the chondrichthyans, the coelacanth, and the Aeleosts. In the first two groups, internal 'development takes place in a uterine region of the oviduct, whereas in the teleosts internal development always takes place in the ovary. The occurence of intraovarian gestation in live-bearing teleosts seems to be unique among the vertebrates. The basic sequence of viviparity, which is encountered in most chondrichthyans, the coelacanth, and some teleosts such as the eelpout, Zoarces, is O-F-H-P. This basic sequence is further altered within the teleosts in which there are two sites of gestation. The first is that given in the preceding sequence, where eggs are fertilized after ovulation and develop to term within the ovarian cavity. Alternatively, however, fertilization may precede ovulation, the eggs being fertilized while still in the follicle. The sequence is: F-H-O-P or F-O-H-P. This occurs in many poeciliids, the halfbeaks or hemirhamphids, the anablepidae {Anableps and Jenynsia), goodeids, the surfperches (embiotocids), and some clinids and ophidioids. The developing egg may be retained in the follicle until the embryo has developed to term or near it, e.g., in Anableps and some poeciliids. On the other hand, the developing egg may be ovulated at a very early stage of development, e.g., in goodeids (Turner, 1933) and embiotocids (Turner, 19386) and complete development within the ovarian cavity. Jenynsia is of interest since it represents an intermediate state. The first half of development occurs within the follicle and the latter half within the ovarian cavity. Different structures for nutrient transfer have evolved in the two maternal environments, viz., a follicular pseudaplacenta and a branchial placenta (Turner, 19406) .
A number of instances have been reported in which there is a blurring of the temporal separation between two of the events in a given sequence (Atz, personal communication) . Three pairs of events are considered: H-P, O-H, and F-O. In the first of these, hatching (H) can precede or follow parturition (P) either in the same species or within a higher taxonomic category. In the deep water ophidiod Cataetyx memoriablis hatching approximates parturition (Meyer-Rochow, 1970) . Both species of the comephorid genus Comephorus display similar behavior. Chernyayev (1974) describes how embryos of C. baicalensis actually remove their chorions as they pass through the genital opening of the mother. In passing, Atz (personal communication) points out that the translation of Chernyayev (1971) is in error. The original definitely states that hatching and birth also coincide in C. dybowskii. In the scorpaenid genus Sebastes, embryos hatch as relatively undeveloped larvae. Whether they hatch before or after extrusion from the parent is controversial. There is more evidence that hatching takes place before than after parturition (DeLacy et ai, 1964; Phillips, 1964; Moser, 1966) . In Helicolenus, however, the developing embryos are embedded in a jelly-like mass within the ovary. At parturition, this mass is extruded and the larvae are released (Krefft, 1961) . Finally, in some species of sharks, especially the carcharinids, in which embryos retain the egg capsule throughout development, hatching also coincides with parturition (Wourms, unpublished) .
Ovulation (O) and hatching (H) seem to occur simultaneously in some ophidioids, viz., Dinematichthys (Wourms and Bayne, 1973) and Ogilbia (Cohen, 1964) . This also appears to be the case in goodeid fishes (Turner, 1933) and embiotocids (Turner, 19386) . In other ophidioids, e.g., Cataetyx (Meyer-Rochow, 1970 ) a considerable period of time elapses before hatching takes place (Turner, 1947) .
Fertilization (F) and ovulation (O) are closely coupled in several taxa. Mendoza (1940) states that in the embiotocid, Cymatogaster, the scorpaenid Sebastes, and the goodeid Neotoca, "fertilization and ovulation occur in such rapid succession that it is difficult to separate the two phenomena." In 1962, Mendoza, referring to the goodeids, Alloophorus, Goodea, and Neoophorus states that "eggs undergo fertilization immediately before or after the escape of the egg from the follicle, since all cleavage and later stages are found only in the ovarian lumen. Previously, Turner (1933) had reported this condition for the goodeids in general. In the Scorpaenids, Mizue (1959) concluded that fertilization must take place before ovulation. However, Mosher (19676) states that "Ovulation probably precedes fertilization since spermatozoa were never found within pre-ovulatory or post-ovulatory follicles." Eigenmann (1894, footnote on p. 404) seems to complicate matters when he says, "In the Scorpaenidae the follicle is ruptured before impregnation takes place but the egg remains mechanically inclosed within it, and the blood supply of the follicles is continued till near the end of gestation." In his 1892 paper, this author describes a Sebastodes rubrovinctus in which there were ripe eggs "which were free or only mechanically inclosed in the follicle." In this paper he said he believes that the "eggs are freed from the follicle before they are fertilized," but if, as we seem to see from his later paper, the eggs retain close proximity to the follicle they once belonged to, the before-and-after problem becomes almost a moot one, but not quite. Sorokin (1961) was of the opinion that fertilization apparently follows ovulation. From the preceding discussion, it can easily be seen, that the acquisition and diversification of viviparity has involved an alteration of the basic developmental program. Other than a limited number of endocrinological studies, little information is available on control mechanisms. Lest the differences be overlooked, it is important to reiterate the sites of gestation in the major groups of viviparous fishes. In the coelacanth and the chondrichthyans, i.e., sharks and rays, gestation is uterine. Embryos develop to term in the enlarged posterior region of the oviduct. In teleosts, gestation is always intraovarian. Embryos may develop either in the follicle or in the ovarian cavity, and in some instances, development may begin in the follicle and conclude within the ovarian cavity (Turner, 19406, c, 1947; Hoar, 1969) . Development within the follicle is referred to as follicular gestation, while development within the ovarian cavity is referred to as ovarian gestation. To avoid confusion, the term intraovarian development, should be used as a generic category which includes both follicular and ovarian gestation.
Superfetation
Superfetation, or as it is sometimes called, superembryonation, is an unusual feature in viviparous reproduction. Among fishes, it is best known in the poeciliids but it also occurs in some clinids, Clinus, Blennioclinus, Pavodinus (Penrith, 1970; Veith, 19796) , and a hemirhamphid or halfbeak, Hemirhamphodon (Wourms, unpublished) . Scrimshaw (1944a) stated that nearly every poeciliid species which had been examined in significant numbers at that time had shown at least occasional superfetation. He lists the following genera: Neoheterandria, Heterandria; Brachyraphis; Quintana; Gambusia; Poeciliopsis; Poecilia; Priapella; Priapichthys; and Phalloptychus. (Listed according to the revised classification of Rosen and Bailey, 1963) . Some of the species within these genera, show a tendency toward superfetation without actually practicing it in their normal reproductive cycles. This seems to be the case in Gambusia, Brachyrhaphis, and those species of Poecilia formerly assigned to the genera, Lebistes and Mollienisia. Superfetation is a condition in which two or more broods of embryos of different ontogenetic stages simultaneously develop within the ovary. Extreme degrees of this condition are achieved in Poeciliopsis prolifica with five broods of embryos (Thibault and Schultz, 1978) and in Heterandria formosa with up to nine broods (Turner, 1937 (Turner, , 1947 Scrimshaw, 19446) . Veith (19796) reported up to twelve broods in the clinid, Clinus superciliosus. Turner (1947) suggested that superfetation evolved by shortening the period required for embryonic development and oocyte maturation. Additional groups of oocytes mature and are fertilized some time before the most advanced brood of embryos completes development and undergoes parturition. Earlier, Turner (1937) showed that within the poeciliids, there is a series of intermediate stages in the timing of oocyte maturation relative to Downloaded from https://academic.oup.com/icb/article-abstract/21/2/473/206338 by guest on 18 September 2019 brood development. The evolution of superfetation is dependent on the storage of sperm for successive fertilizations. Sperm storage is known to occur in oviparous fishes with internal fertilization, e.g., • k s and rays (Metten, 1939) and the glandulocaudine characins (Nelson, 1964) . Most poeciliids, the group in which superfetation is most common, are able to store viable sperm for periods as long as 10 mo (Vallowe, 1953; Thibault and Schultz, 1978) .
Superfetation is best developed in those species in which there is extensive maternal-fetal nutrient transfer, e.g., Heterandria, Poeciliopsis, and Clinus. It can be regarded as an advanced stage in the attempt to solve the nutrient supply problem. In unspecialized forms of matrotrophy, metabolites are delivered to the embryos throughout the development of a single brood. In superfetation, this is accomplished with multiple broods. The result is a broadening of the spatial and temporal patterns of nutrient transfer. The advantages of this strategy are that it tends to avoid limitation in brood number imposed by maternal size and that by reducing the period between successive broods, it reinforces the pattern of iteroparity (Thibault and Schultz, 1978) . Scrimshaw (1944a) and Thibault and Schultz (1978) also have shown that superfetation is subject to environmental constraints, especially food supply. In populations of Poeciliopsis monahca from "rich" environments, females contain large numbers of embryos in two age classes. When food is in short supply, however, superfetation is abandoned.
TROPHIC PATTERNS IN VIVIPAROUS FISHES
Oviparity is considered to be the primitive, less specialized mode of reproduction. In the vertebrates, viviparity first evolved among the fishes where, although it is widespread, it is not the predominant mode of reproduction except for the sharks and rays. A total of 54 families of fishes contain viviparous species, viz., 40 families of elasmobranchs, a single species of coelacanth, and 14 families of teleosts (Tables 2 and  4 ). The repeated independent origin of viviparity in fishes, as well as the appear- (Balinsky, 1975) . Oviparity offers no conceptual problems since there is a consensus that it involves the deposition of eggs that develop in the environment external to the maternal body. The term ovoviviparity, however, does present conceptual difficulties. Balinsky (1975) defined ovoviviparity as the "bearing of young developed from eggs which have been retained in the body of the mother but without the maternal organism providing additional nourishment for the embryo." Mackie (1978) , in reviewing ovoviviparity, noted that definitions of it must include the concepts of: 1) development in the female reproductive tract; 2) derivation of nutrients solely from yolk; 3) no apparent contact with maternal tissues for purposes of nutrition; and 4) the presence of egg membranes. By way of contrast, Balinsky (1975) defined viviparity as the condition in which "the embryo establishes a direct connection with the maternal body, so that nutrition can pass from the mother to the embryo without the intermediate state of being dissolved in the uterine fluid." In establishing a system of reproductive guilds of fishes, Balon (1975) classified reproductive patterns as nonguarders, guarders, and bearers. He divid-ed the latter into external and internal bearers. Internal bearers were further categorized as: 1) ovi-ovoviviparous fishes that lay eggs fertilized internally; 2) ovoviviparous fishes that incubate eggs in the body cavity where they grow by utilizing yolk; and 3) viviparous fishes that produce embryos whose nutrition is partially or entirely supplied by the female by means of absorptive organs, i.e., the endogenous yolk nutrition is supplemented by exogenous maternal nutrients. Turner (1947) , Budker (1958) , Hoar (1969) , Hogarth (1976), and Wourms (1977) have pointed out that the distinction between ovoviviparity and viviparity is both artificial and imprecise. In many instances, the maternal-fetal metabolic relationship is unknown, hence no distinction can be made. Moreover, when information is available, it does not support the distinction. Ranzi (1932 Ranzi ( , 1934 showed that the fetal-maternal trophic dependency of live-bearing elasmobranchs formed an almost continuous gradient from nil to almost complete. Similar data for teleosts are reviewed here (Table 5) . Thus, the only operational distinction is that between oviparity and viviparity. Viviparity should now be defined as a process in which eggs are fertilized internally and are retained within the maternal reproductive system for a significant period of time, during which they develop to an advanced state and then are released. Since the source of embryonic nutrients is not considered, this revised definition now includes the terms, "ovoviviparity" and "viviparity" as used in the older sense.
Viviparity, when it occurs in fishes, is usually obligate in that reproductively active females bear living young at the end of a defined gestation period. The phenomenon of facultative viviparity is encountered occasionally among species that are normally oviparous, e.g., the teleosts, Tomenrus gracilis, Oryzias latipes, and Myoxocephalus quadricornis (Rosen and Bailey, 1963; Yamamoto, 1961; Westin, 1969) and species that are marginally viviparous, e.g., the shark, Galeus polli (Budker, 1958 (Budker, , 1971 . These species are able to effect internal fertilization either routinely or accidentally. Fertilized eggs may then be retained within the body of the female to complete some or all of their embryonic development. Internal fertilization, a prerequisite for viviparity, is a normal aspect of reproduction in Tomeurus and Galeus, but is a fortuitous event in M. q u H and Oryzias that results from the close position of male and female gonopores during the spawning act (Atz, 1964; Westin, 1969) . Internal fertilization and facultative viviparity are two initial stages in the evolution of obligate viviparity (Rosen, 1962) .
The viviparous mode of reproduction in fishes can be categorized on the basis of trophic relationships (Table 1) . As obligate viviparity evolved among fishes, it was accompanied by innovations and adaptations. One of the first of these involved a tendency to reduce the dependency on the yolk reserves, which were laid down during oogenesis, and to rely on a continuing transfer of maternal nutrients during development. This establishes a primary distinction between lecithotrophy (nourished by yolk) and matrotrophy (nourished by the mother). In the former, the embryo depends exclusively on its yolk reserves and the mother is little more than a perambulator as far as food is concerned. In the latter, the embryo continues to receive maternal nutrients during gestation. The mother is both perambulator and provisioner. In both instances, the mother satisfies the respiratory, osmoregulatory, and excretory needs of the embryos. Matrotrophy permits a more efficient allocation of energy resources (Wourms and Cohen, 1976) .
Lecithotrophy, essentially egg retention to term, is the primitive form of obligate viviparity and is trophically unspecialized. Its existence has been quantitatively documented in sharks, e.g., Squalus acanthias (Ranzi, 1932 (Ranzi, , 1934 ; poeciliids, e.g., Poeciliopsis monacha (Thibault and Schultz, 1978) ; and scorpaenid fishes, e.g., Sebastes marinus (Scrimshaw, 1945) . Fishes exhibiting this pattern display a considerable (25-55%) loss in weight of organic material during gestation (Tables 3 and 5) (Ranzi, 1932 (Ranzi, , 1934 Needham, 1942; Scrimshaw, 1945; Thibault and Schultz, 1978 (Smith, 1957; Terner, ri979) . The spiny dogfish, Squalus acanthias is a typical lecithotrophic species. One to four fertilized eggs are enclosed in an elongated egg case. The egg case remains intact for about 6 mo, after which the embryos hatch and complete the remaining 12-16 mo gestation in the uterus. The processes of yolk absorption and utilization are similar to those of oviparous species, especially Scyliorhinus (Te Winkel, 1943) . The syncytial yolk sac cytoplasm digests and absorbs yolk during early stages Qollie and Jollie, 1967a) . During later stages, yolk platelets are moved from the external yolk sac up the yolk stalk into the internal sac and from there into the intestine. Movement is effected by ciliated epithelia. Absorption is almost complete at parturition (Te Winkel, 1943) . Jollie and Jollie (19676) describe ultrastructural changes in the mucosa of the pregnant uterus. It is transformed into a respiratory membrane which may also regulate the transport of water and electrolytes. Reduction in the quantity of tissue between the maternal blood and the uterine lumen is accompanied by extensive vascularization.
In the matrotrophic form of viviparity, the maternal contribution to the offspring takes place during two distinct periods. During oogenesis, female biomass is converted into and stored as high energy yolk (Wallace, 1978; Wallace and Selman, 1981) . During embryonic development, additional nutrients are supplied. Thus far, amino acids, proteins, and lipids have been identified. It is tempting to speculate that the synthesis and utilization of these metabolites is energetically more efficient than yolk synthesis and utilization. An important contribution to understanding the origin of the physiological mechanisms involved in matrotrophy was the discovery that the eggs of the trout (Salmo), an oviparous fish, are able to absorb exogenous metabolites (Terner, 1968) . By incubating unfertilized and fertilized eggs with 14 C labeled substrates for carbohydrate metabolism, Terner demonstrated that the eggs metabolized nutrient material taken up from the incubation medium. This occurred even though the egg is still supplied with a large supply of yolk reserve. The ability to absorb and use exogenous substrates increased continuously during development . In addition, it should be noted that the oocytes of many animals, including fishes, are able to absorb exogenous metabolites, both low-weight molecules and macromolecues, during oogenesis (Wallace, 1978) . These two observations suggest the existence, in the egg itself, of a genetic and physiological basis for a primitive form of matrotrophy. This potential could be realized once the organism had made the transition from oviparity to the lecithotropic form of viviparity.
Concomitant with the evolution of matrotrophy, selection to facilitate nutrient transfer has resulted in a diversity of developmental adaptations in which both maternal and embryonic tissues have been modified (Table 1 ). The adaptations differ both in the structure of the component tissues and in the extent of nutrient transfer (Tables 3 and 5 ). It would seem that no matter how unusual or bizarre the adaptations may appear at first, all of them are modifications, albeit sometimes exaggerated, of pre-existing cell types and tissues. It is this diversity within a recognizable continuum which makes viviparity such an interesting evolutionary and developmental problem.
Adaptations to facilitate the maternal-fetal transfer of nutrients evolved independently in various taxa. It is not surprising that they display a high degree of convergence and parallelism. This will become apparent in the section on the systematic survey of viviparity. Prior to that, it is advisable to define the different types of adaptations and to indicate the taxa in which they occur. Three major classes of trophic adaptations are responsible for nutrient transfer, viz.: 1) oophagy and adelphophagy; 2) placental analogues; and 3) the yolk sac placenta (Table 1) . Oophagy and adelphophagy are the least specialized of these. Oophagy is, as the term implies, the inges-tion by embryos of eggs. In fact, these are periodically ovulated during gestation. Adelphophagy, eating of one's brother, is also known as intrauterine embryonic cannibalism (Wourms, 1977) and occurs when some embryos in a brood prey on their siblings as a food source while still in the ovary or uterus. Adelphophagy is a derivative of oophagy in which competition for available food resources and space is carried to a seemingly deadly conclusion. Oophagy is a primitive specialization which probably first evolved to take advantage of the fact that gamete (egg) wastage not infrequently occurs in viviparous animals with large broods. Initially histotrophe, i.e., cellular debris and breakdown products of moribund eggs and embryos, was ingested or absorbed by the survivors. Histotrophe utilization probably is not uncommon among fishes with ovarian or uterine gestation. It is an opportunistic and passive strategy. Although its energetic contribution is probably limited, it is difficult to assess. Oophagy, in contrast, is an active strategy. Successive groups of eggs mature and are ovulated to provision the developing embryos. The acquisition of oophagy, competition for food resources, and a tendency for embryonic gigantism (at least in sharks) may have led to the evolution of adelphophagy. Under these circumstances, a dominant embryo would not distinguish between a supplement of ovulated eggs and a retarded sibling as food. Oophagy is known to occur in several species of sharks and ophidioid fishes. There is circumstantial evidence that the coelacanth may be oophagous. Adelphophagy has been documented in one shark and one ophidioid fish, and it is believed to occur in several more species of sharks.
The term placental analogue (Wourms, 1977) was employed to describe a number of specializations of embryonic or maternal tissues that facilitate maternal-fetal nutrient transfer (Table 1 ). The general body epidermis and fin epithelium have been shown to be absorptive structures in a clinid (Veith, 1980) . The yolk sac is another example of a surface epithelium that participates in nutrient absorption (Turner, 1947; Hoar, 1969; and Veith, 1980) . The epithelium of the median fins in at least one goodeid fish and embiotocid is also believed to be the site of nutrient absorption (Turner, 1947; Mendoza, 1958) . Although the external gill filaments of sharks and rays are routinely assigned a resp tory role, they are also suspected of b sites of nutrient absorption (Ranzi, 1932 (Ranzi, , 1934 . Trophonemata is a term originally used to describe long, villous extensions of the uterine epithelium of stingrays which secrete proteins and lipids (Wood Mason and Alcock, 1891) . They are an extremely specialized uterine epithelium in which a basic secretory function has been progressively differentiated. Among the sharks and rays, all stages of a transitional series exist. From a relatively simple uterine mucosa with a typical complement of secretory cells, there is a progression through intermediate phases with uterine villi of varying degrees of complexity to the hypertrophied secretory epithelium of the trophonemata. Increase in embryonic weight during gestation is directly correlated with the complexity of uterine secretory structures, the protein and lipid content of their secretory products, and the total volume of secretion. Secretions apparently are ingested or else absorbed by one of the embryonic surface epithelia. Trophonemata are known to occur in stingrays and the sawfish (Pristis) while uterine villi of varying size and complexity are found in sharks and rays (Ranzi, 1932 (Ranzi, , 1934 Needham, 1942) . A branchial placenta is found in the butterfly ray, Gymnura micrura (Wood-Mason and Alcock, 1891) and the teleost, Jenynsia (Turner, 19406, 1947) . In this ray, trophonemata enter the branchial chamber of the embryo and discharge secretions into the gut. In Jenynsia, villous extensions of the ovarian epithelium enter the gill chamber of the emhryo and form intimate connections with the branchial epithelium. The maternal portion of the Jenynsiid branchial placenta is analogous to the trophonemata. The pericardial amnion and chorion (Kunz, 1971) , previously called the pseudoamnion and chorion (Turner, 1940c) , are greatly expanded regions of the pericardial sac. In some species, all or part of Downloaded from https://academic.oup.com/icb/article-abstract/21/2/473/206338 by guest on 18 September 2019 the anterior end of the embryo may be covered by these structures. The outer wall of the pericardial sac forms a chorion while the inner wall forms an amnion. The pericardial amnion and chorion have been •found in all poeciliids thus far examined. They also occur in the goodeids and in the early follicular developmental phase of Jenynsia (Kunz, 1971) . The pericardial sac does not form an amnion and chorion in Anableps. Instead, it ramifies ventrally and posteriorally. In Jenynsia, Anableps, and some poeciliids, the pericardial amnion and chorion, as well as their ventral expansion, form a complex with the villous surface of the follicular wall. Maternal-fetal nutrient transfer is effected through this complex, which Turner (1940c) called a follicular pseudoplacenta. The remaining two types of placental analogues are derivatives of the embryonic gut. Hypertrophy of the gut occurs in Anableps, Zoarces, and the embiotocids, ingested histotrophe being absorbed in the gut (Turner, 1940d : Kristofferson et al., 1973 Dobbs, 1975) . Trophotaeniae (Turner, 1933 (Turner, , 1937 are external extensions of the hindgut found in all goodeids except one, and in at least two ophidioids and one parabrotulid. They occur either in a rosette or ribbon configuration. Their surface epithelial cells appear to be identical with embryonic intestinal epithelial cells, and their absorptive function has been demonstrated by Wourms and Lombardi (19796) .
The yolk sac placenta is the third major type of matrotrophic adaptation. It occurs only in sharks and appears to have evolved independently in several taxa. The yolk sac placenta consists of a modified embryonic yolk sac which is closely apposed to the uterine epithelium. During the early phases of gestation, the yolk sac functions in yolk absorption. Subsequently it is modified into the fetal portion of the placr"fa. (Wourms, 1977) .
Before beginning the systematic review of trophic adaptations, it is useful to point out the unsatisfactory state of our present knowledge. In many instances, little is available except a cryptic note, often buried in the systematic literature, to the effect that a particular species is viviparous.
From a developmental point of view, many taxa have been subject only to the most casual scrutiny. The Family Goodeidae seems to be the only taxon for which basic information on viviparity and the structural basis of the trophic adaptations has been systematically obtained by extensive comparative studies. In other major groups, such as the poeciliids, ophidioids, clinids, scorpaenids, and hemirhamphids, even though some species may have been subject to intensive investigation, most of the remaining species have been overlooked. For instance, among the 120 or more species of poeciliids, only a handful of species, mostly within the genera, Poecilia, Xiphophorus, Heterandria, Gambusia, and Poeciliopsis have been treated adequately. One should also recall that coelacanth viviparity was not discovered until 1975 (Smith et al., 1975) and that the trophotaeniae of ophidioid fishes, conspicuous structures longer than the embryo, were not described until (Wourms and Cohen, 1975 Cohen and Wourms, 1976) . Moreover, dramatic differences in the trophic relationship can occur within a genus, e.g., Poeciliopsis monacha is lecithotrophic (Table 5) while P. turneri is markedly matrotrophic (Thibault and Schultz, 1978) .
SYSTEMATIC SURVEY OF VIVIPARITY
Viviparity first makes its evolutionary appearance in the vertebrate line among fishes. Although viviparity is the exception rather than the rule among fishes, it is nonetheless widespread. In all, 54 families of living fishes have members that bear living young. Of these, there are 40 families of chondrichthyans, a single monotypic family of coelacanths, and 13 families of teleosts. In terms of number of species, 420 of an estimated 600-800 species of chondrichthyans are viviparous, whereas only 510 of an estimated 18,000 species of teleosts are viviparous (Tables 2 and 4) . Viviparity is the dominant form of reproduction among the chondrichthyans, especially the sharks and rays while it is considerably less common among the osteichthyans, even though the latter group is more numerous and diverse. This discrepancy has been addressed by Rosen (1962) . I agree with his conclusion that the major reason that relatively few teleost fishes are live-bearing is due to the evolutionary problem posed by "the extraordinary complexity of the structural mod cations that make internal fertilization possible in an aquatic environment." To achieve efficient internal fertilization, an entire fin, usually the anal fin, as well as elements of the musculature, and the reproductive ducts must undergo complex morphological reorganization. Since all recent chondrichthyans including oviparous species employ internal fertilization, the transition from oviparity poses no problems for them. It appears to have happened repeatedly and in divergent taxonomic groups. In contrast, external fertilization is the generalized condition among the teleosts. Mechanisms for internal fertilization apparently have evolved independently in the thirteen families of viviparous teleosts and a few families of oviparous teleosts.
CHONDRICHTHYAN FISHES
The chondrichthyan or cartilagenous fishes include the sharks, rays, skates, and chimaeras. They are one of the oldest living groups of jawed vertebrates. Although often considered primitive or archaic, they have much in common with modern groups, especially in terms of reproduction and development. I suggest that it was among the chondrichthyan fishes that the following processes either make their first appearance or else become well established: 1) internal fertilization; 2) viviparity; 3) placental mechanisms for fetal maintenance; 4) patterns of genital tract development and sex differentiation closely resembling amniotes; and 5) a vertebrate type of reproductive endocrinology (Wourms, 1977) . (A note of caution is advised due to the inadequacy of the fossil record. The preceding statement is valid for fishes in general. The problem is whether it applies to chondrichthyans alone or to both chondrichthyans and bony fishes. The chondrichthyans and the bony fishes first appear as well developed forms and must have existed separately for Downloaded from https://academic.oup.com/icb/article-abstract/21/2/473/206338 by guest on 18 September 2019 a significant length of time prior to their fossil history. Were the prototypic vertebrate reproductive processes present in a common ancestral line or did they evolve independently in the two groups?) % Reproductive patterns in chondrichthyan fishes have been reviewed by Wourms (1977) . An overall picture emerges. All recent chondrichthyan fishes employ internal fertilization. With few exceptions, they produce a relatively small number of large, heavily yolked eggs. These fishes are either oviparous or viviparous. Oviparity is confined to the three extant families of chimaeras, four families of skates, and five families of sharks. Knowledge of the developmental physiology of oviparous species is derived chiefly from studies on the sharks, Scyliorhinus and skates, Raja. Following oviposition, the embryo enclosed in the egg case completes its development while exposed to the vagaries of the surrounding environment. The egg contains all of the organic material required for development; although mostly used in forming embryonic structures, some serves as an energy source. This accounts for the 21% loss of organic material during the development of Scyliorhinus (Ranzi, 1932; Amoroso, 1960) . Viviparity is widespread and is characteristic of sharks and rays. Eggs are retained in viviparous species and embryonic development is completed in utero. Viviparous species are either: 1) lecithotrophic; 2) oophagous; 3) possess trophonemata, a type of placental analogue; or 4) have a yolk sac placenta.
For additional information on the biology of chondrichthyans, references should be made to Schroeder (1948, 1953) and Northcutt (1977) . Recently, Compagno (1973 Compagno ( , 1977 has re-evaluated the systematic interrelationships of these fishes. His classification has been'used here.
Lecithotrophy
The least specialized form of chondrichthyan viviparity is lecithotrophy. Fishes possessing this pattern, e.g., the electric rays, Torpedo ocellata and T. mormorata; Dalatias (=Scymnus) lichia; the European brown dogfish, Centrophorus granulosus; and the spiny dogfish, Squalus acanthias undergo a considerable (15-55%) loss of organic weight during development (cf., Table 3 ) (Ranzi, 1932 (Ranzi, , 1934 Needham, 1942) . Squalus acanthias is typical. One to four fertilized eggs are enclosed in an elongated egg case. The egg case remains intact for about 6 mo, after which the embryos hatch and complete the remaining 12-16 mo gestation in the uterus. The processes of yolk absorption and utilization are similar to those of oviparous species, especially Scyliorhinus (Te Winkel, 1943) . Organic material, stored in the yolk, is transferred to the developing embryo by several different processes (Te Winkel, 1943; Jollie and Jollie, 1967a) . In the earliest phase, yolk is incorporated into blastoderm cells, probably by phagocytosis, and digested intracellularly. In the next phase, yolk was once believed to be digested extracellularly by merocytes, i.e., extraembryonic yolk cells. Jollie and Jollie (1967a) , however, have shown that in Squalus the merocytes are part of the peripheral syncytial cytoplasm of the yolk sac, and the products of digestion pass into the vitelline circulation. Extracellular digestion by the endodermal epithelium of the yolk sac and subsequent absorption of digested yolk into the vitelline circulation may also occur. During later stages, yolk platelets are moved from the external sac up the yolk stalk into the internal sac and from there into the intestine. Movement is effected by ciliated epithelia. Absorption is almost complete at parturition (Te Winkel, 1943) . Jollie and Jollie (19676) described ultrastructural changes in the mucosa of the pregnant uterus. It is transformed into a respiratory membrane which may also regulate the transport of water and electrolytes. These changes involve extensive vascularization and a reduction in the quantity of tissue between the maternal blood and the uterine lumen.
Oophagy and adelphophagy
Oophagy and adelphophagy, curious adaptations for viviparity, have evolved in several families of sharks. They are primitive forms of maternal fetal nutrient transfer. Oophagy is the consumption of ovulated eggs by the developing embryos. Adelphophagy is a form of intrauterine embryonic cannibalism in which the dominant embryo(s) preys on other developing embryos. It can be said to represent the ultimate form of sibling rivalry. Oophagy was first recognized and described by Lohberger (1910) and subsequently confirmed by Shann (1923) in embryos of porbeagle sharks, Lamna spp. Porbeagle embryos are quite large and massive, attaining, at term, a length in excess of one meter and a weight in excess of 9 kg (Bigelow and Schroeder, 1948) . They appear to have an enormous yolk sac, but this is really the cardiac stomach, enormously distended by eggs ingested by the developing embryo. This material is absorbed at an early (6 cm) stage (Shann, 1923) . In Lamna cornubica, each oviduct may contain two embryos. In 1948, Springer reported on oophagy and presented evidence for the occurrence of adelphophagy in the sand tiger shark, Eugomphodus taurus {^Odontaspis taiirus). Each oviduct contains only one embryo which, at term, attains a length of more than one m and a weight of at least 6.4 kg. Living mid-term (26 cm) embryos were exceedingly active in utero. They dashed about, open mouthed, snapping at whatever they encountered, including the investigator's hand. Within each oviduct, there were 60-70 egg capsules in addition to the single embryo. The bellies of the embryos were greatly distended and contained intact ova and egg yolk. More recently, reinvestigated the same species. They found that at the outset of gestation, each oviduct contained 32-33 eggcases in each of which were 12-15 small (9 mm) eggs or embryos. Only one embryo per oviduct survives to term; however, all the other oocytes and embryos having been ingested. With an increase in dry weight of 1.2 x 10 6 %, oophagy appears to be the most efficient of all trophic adaptations. Oophagy and adelphophagy are reproductive strategies that have evolved in both invertebrates, e.g., the Buccinidae and Muricidae, and other vertebrates, e.g., ophidioid fishes, (vide infra) and amphibia (Wake, 1977a, b) .
The frequency with which oophagy and adelphophagy occur is not known. Springer (1948) and Budker (1971) suggested that additional species of mackeral sharks (Lamnidae) and thresher sharks (Alopidae) are oophagous. Preliminary observations by Forster et al. (1970) indicate th the carcharhinid shark, Pseudotriakis microdon Brito Capello may be oophagous. In the thresher shark, Alopias vulpinus (Bonaterre), Gubanov (1972) found one, large (114 cm, 3,500 g) embryo in each oviduct. Intact and empty egg capsules were also found, suggesting that developing embryos are oophagous. Compagno (1977) considers oophagy and uterine cannibalism (=adelphophagy) to be a characteristic of the lamnoid sharks. Within this group, there are seven families, eleven genera, and 14-17 species. The genera include:
Eugomphodus (=Odontaspis), the sand tiger shark; Pseudocarchannus; Mitsukurina, the goblin sharks; Alopias, thresher sharks; Cetorhinus, the basking shark; Lamna, porbeagle sharks; Isurus, mako sharks; and Carcharodon, the great white shark. At the present, however, the evidence to support this is fragmentary. It usually is based on the presence of but a few (1-3) embryos in each oviduct, the occurrence of a grossly distended abdominal region, and the large size of full-term embryos (cf., pp. 573-578 in Gudger, 1940 ; the reproductive sections of Bigelow and Schroeder, 1948; Breder and Rosen, 1966) .
Recently, Lund (1980) has reported on fossilized fetuses of the holocephalan, Delphyodontos dacriformes Lund from the lower Carboniferous. This constitutes the first instance of viviparity among the holocephalans, a chondrichthyan group previously believed to be exclusively oviparous. Lund also stated that the embryos probably were oophagous and adelphophagous. This conclusion was based on their large size, the presence of large, well-developed, slashing dentition, abdominal enlargement that is internal and not a yolk sac, and evidence of intrauterine feeding, i.e., a fecal bolus. Uterine wall, trophonemata, and "uterine milk" Maternal nutrient transfer among sharks and rays ranges from minimal to extensive (Ranzi, 1932 transfer occurs is the secretion of histotrophe or "uterine milk" by the luminal epithelium of the uterus and its ingestion or absorption by the embryo. Histotrophe production, whether minimal or extensive, is probably a generalized phenomenon. It reflects the basic secretory function of the uterine epithelium. The quantity and composition of histotrophe is variable; its total organic content varies from less than 1% to more than 13%. Proteins and lipids are the major components (Ranzi, 1934 , summarized Needham, 1942 and Amoroso, 1960 . Ranzi (1934) has made successful correlations between the degree of maternal dependence of the embryo and (a) the composition of the uterine fluids and (b) the structure of the uterine wall. He recognized three sets of intra-uterine situations which he designated as: Types I, II, and III. Histotrophe was categorized according to the quantity of secretion, its total organic content, and the predominant molecular species, i.e., protein or lipid.
The degree of complexity of the uterine wall was analyzed according to the organization of its epithelium, the presence or absence of villi, and the number and size of villi. Type I was subdivided into Type la and Type Ib. Type la occurs in the angel sharks, Squatina, and in the squaliforms, Scymnus, Centrophorus, Squalus acanthias, and S. blainvillei. There is a considerable (15-55%) weight loss in all of these species except S. blainvillei in which a modest increase occurs (Ranzi, 1932) . The uterine epithelium is either smooth, as in 5. acanthias for example, or forms short villi, as in Centrophorus and other forms. The epithelium is stratified cuboidal and contains small numbers of "mucous" (that is, protein secreting?) cells. With the exception of 5. blainvillei, secretion is minimal. Jollie and Jollie (19676) have examined the ultrastructural changes that occur in the uterus of S. acanthias during gestation. In non-gravid individuals, the uterine lining consists of a single layer of columnar epithelial cells. Occasional cells possess smooth surfaced vesicles in their apical regions. During gestation there is an enormous increase in the relative surface area of the uterine mucosa. The mucosa becomes extensively vascularized by a system of juxtaepithelial capillaries. Each capillary occupies the distal portion of series of longitudinal mucosal folds. Although the gravid uterine epithelium eventually becomes bilaminar, it remains thinner than the single-layered, non-gravid epithelium. In addition, there is a reduction in the number of cell layers and amount of connective tissue between the epithelium and the capillary endothelium. No evidence of secretory activity in the epithelial cells has been found. The apical surface of thejuxtaluminal epithelial cells possess extensive apical canaliculi and apical vesiculations. Ranzi and more recent workers have assigned respiratory and osmoregulatory functions to the uterine epithelium. Type Ib occurs in the electric rays, Torpedo ocellata and T. mormorata, and in the guitarfishes, Rhinobatos. The uterine lining forms numerous villi of moderate length. The epithelium is single-layered, glandular, and lacking in "mucous" cells. Histotrophe although abundant is dilute, i.e., contains only 1.2-2.8% organic material. It has been characterized as "serous." There appears to be little net transfer of nutrient since the two species of Torpedo undergo a weight loss of -2 3 % and -34% (Ranzi, 1934; Amoroso, 1960) .
Type II occurs in Galeus cards, Mustelus antarcticus, and Mustelus mustelus. These species undergo a net increase of organic weight during gestation of 11%, 110%, and 369%, respectively (Ranzi, 1932; Needham, 1942) . The abundant histrophe has an organic content of 4.9%-7.1% and consists of an unknown "mucoid" proteincarbohydrate complex, with the protein moiety predominating, that is almost lipid free. The uterine lining has a surface more smooth than villous. Many "mucoid" cells secrete the protein-rich histotrophe.
Type III occurs in the rays, Dasyatis (= Trygon) violacea, Myliobatis bovina, and Gymnura (=Pteroplatea) micrura (Ranzi, 1934) ; the manta, Mobula diabolus and in the sawfish, Pristis cuspidatus (Setna and Sarangdhar, 1950) . In these species, the uterine epithelium forms tufts of trophonemata which are long, glandular, villous extensions of the uterine epithelium (Wood-Mason and Alcock, 1891). In some, but not all species, these structures entej^k the embryo through the spiracles and passW into the esophagus where they release their secretory products into the gut. In addition, the embryo may absorb histotrophe through the yolk sac and external gills. Absorption of paniculate material, viz., India ink, in the gut has been demonstrated. Digestive glands in the stomach become functional at an early stage (Ranzi, 1934; Needham, 1942) .
Preliminary studies carried out on the cownose ray, Rhinoptera bonasus, by Hamlett, Wourms, and Smith (1979; unpublished) have shown that during gestation there is a 3,000X increase in weight. Early embryos depend on yolk reserves to grow to 215 mm. Growth to term, 400 mm, depends on histotrophe ("uterine milk"), a viscous, protein/lipid-rich fluid secreted by the trophonemata. As gestation proceeds, histotrophe production increases. Histotrophe of near term embryos contains 158 mg/ml of protein (Hamlett et al., 19816) . Preliminary SDS-acrylamide gel electrophoresis indicates the presence of at least 6-8 histotrophe proteins. Mid-term embryos may absorb histotrophe via external gill filaments and the yolk sac. Older embryos seem to ingest it. Trophonemata that line the uterine wall are spatulate, villiform projections, 2-3 cm long. Cells on their surfaces form a branching network of cables, each supplied with a capillary. In the early stages of gestation, scanning electron microscopy reveals membrane-bound secretory vesicles just below the surface. Later, 4-6 cells form glandular acini whose secretory product appears as spheres on the, trophonematal surface. Secretion ceases prior to parturition.
The efficiency of trophonematal transfer is greater than that of the yolk sac placenta. Trophonemata account for the 1,700-5,000% increase in organic material during development of the rays, D. violacea, G. micrura, M. bovina, and R. bonasus 4 compared with the 840% and 1,050% inDownloaded from https://academic.oup.com/icb/article-abstract/21/2/473/206338 by guest on 18 September 2019 crease in two placental species, the blue shark, P. glauca, and the dogfish, M. laevis (Ranzi, 1934; Needham, 1942) (Table 3) . The placental analogues found in these four species of rays represent the culmiion of a series of adaptations which originate with lecithotrophic species, such as Torpedo ocellata and T. mormorata. The comparative study of Ranzi (1934) reveals a progressive shift in the developmental energy budget from a negative to a positive balance. According to Ranzi (1934) , this change is accomplished by an increase in the number of secretory cells in the uterine epithelium as well as an increase in the organic content (5-9%) of their secretory product.
Yolk sac placenta
The placental form of viviparity is confined to two families of sharks, the Carcharhinidae (requiem sharks) and the Sphyrnidae (hammerhead sharks). Within these groups, placentae are of frequent occurrence and appear to have evolved independently. Within the Carcharhinidae, species in the genera Carcharhinus, Prionace, Scoliodon, Carcharias, Hemigaleus, Par- agaleus, and Mustelus have placentae. Within a single genus, some species, e.g., Mustelus cants, have a placenta while others, e.g., M. antarcticus, do not. Within the Sphyrnidae, Sphyrna is the principal placental genus .
Placental structure, observed with the light microscope, has been described in detail for Mustelus canis (Miiller, 1842; Ranzi, 1934) , Prionace glauca (Muller, 1842; Calzoni, 1936) , Carcharhinus falciformis , Scolidodon surrakowah and S. palasorrah (-Sco- liodon laticaudus Muller and Henle), (Mahaderan, 1940) , and Sphyrna tiburo . The placenta in all instances is a yolk sac placenta. Variation exists with respect to the intimacy of fetal-maternal contact and the thickness and number of intervening tissue layers. In most species, e.g., M. canis, P. glauca, and Sphyrna tiburo, there is an intimate interdigitation of the maternal and fetal tissues. In the classification of mammalian placentae based on endometrial relationships, the selachian yolk sac placenta would be an epithelio-chorial type of placenta (Amoroso, 1952) . Maternal-fetal exchange is conducted across five tissue layers that intervene between the fetal and maternal blood systems. According to Schlernitzauer and Gilbert (1966) , these are: 1) maternal endothelium; 2) maternal epithelium; 3) egg case; 4) fetal epithelium; and 5) fetal endothelium. A reduction or loss of one or more of these layers may occur. Only a few sharks retain the egg envelope and incorporate it into the placenta, e.g., M. canis and S. tiburo. Several peculiarities are associated with the placentae in the sharp-nosed shark, Scoliodon. Due to small egg size, the yolk sac is not filled with granules but with a network of cellular strands and blood vessels. Moreover, a yolk stalk does not form; instead of an umbilical stalk, a placental cord carrying two blood vessels connects the embryo to the placenta. In Rhizoprionodon, Scoliodon, Paragaleus, and Sphyrna, the umbilical stalk or placental cord is festooned with finger-like processes called appendiculae to which an absorptive function has been attributed by Budker (1958) . Scanning electron microscopy has shown that the exterior cells of the appendiculae have numerous microvilli on their free surfaces (Hamlett and Wourms, unpublished) . If, in fact, intra-uterine secretions are being absorbed by the appendiculae, one would like to know the balance between appendicular absorption and transplacental nutrient transfer. Details of placenta formation are best known in Mustelus canis (CateHoedemaker, 1938; Te Winkel, 1950 Graham, 1967) , but significant information on Sphyrna and Scoliodon can be found in Schlernitzauer and Gilbert (1966) and Mahadevan (1940) . In M. canis, the gestation period is 10-11 mo. At first the developing embryo is lecithotrophic, but during the third and fourth months, it undergoes an ontogenetic transition and establishes a placental connection which is retained until birth. This pattern is common to all placental sharks. Changes in tissue adhesivity are associated with placentation; the endometrium first is "slippery" and non-adhesive due to secreted fluids and then becomes adhesive. Prior to placentation, yolk sac, egg capsule, and endometrium are easily separated. As placentation commences, they adhere but still can be separated. They cannot be separated after the placenta forms. During placentation, there is also folding of the yolk sac and uterine epithelia and the subsequent interdigitation of the two tissues. Structural differences between the distal and proximal portions of the yolk sac often occur . In most carcharhinids, connection between the yolk sac, placenta, and the embryo is effected by a modified yolk sac or umbilical stalk. This contains the yolk duct (vitello-intestinal duct) and the umbilical vein and artery (Budker, 1958) .
Recently, ultrastructural and physiological studies have been initiated on several species of sharks, viz., blues, hammerhead, sandbar, and dusky (Wourms and Hamlett, 1978; Hamlett and Wourms, 1979, unpublished) . These have produced the first information on the ultrastructure of the selachian yolk sac placenta. Electron microscopy of the pre-implantation yolk sac of 3-cm great hammerhead shark embryos (S. mokarran) revealed that it is composed of a vascularized squamous epithelium. Cells are joined by prominent junctions and are smooth-surfaced except for low relief projections, with some cells exhibiting a few short microvilli. Yolk stalk epithelial cells have surface pores and short microvilli with distal vesiculations. Prior to yolk depletion and before implantation, the yolk sac differentiates the following regions: 1) a yolk stalk with a vitelline artery and vein and vitello-intestinal duct; 2) a thin-walled, proximal "smooth" yolk sac, 3) an area contacting the egg envelope; and 4) a distal, convoluted "rough" yolk sac. Scanning electron microscopy of yolk stalks and smooth yolk sacs of a 5-cm preimplantation embryo of a blue shark, P. glauca, revealed hexagonal squamous cells with prominent junctions and surface fibrils. Large cells covered by fibrils occupy the rugose exterior surface of the rough yolk sac. On its inner surface, low columnar cells (phagocytes?) lie between arterioles and yolk. In mid-term (15-cm) embryos, surface cells of the yolk stalk and smooth yolk sac remain unchanged, but the rough yolk sac becomes more rugose. Large, elongated, branched cells form a discrete surface pattern and may aid in imj plantation. The post-implantation yolk placentae of full-term (50-cm) blue shark embryos consist of: 1) a convoluted distal portion which contacts the uterine wall; 2) a "smooth" proximal portion exposed to the uterine cavity; and 3) a long yolk stalk. The epithelium of the smooth proximal portion includes: 1) cells with short microvilli covered by interlocking fibers; 2) cells with a dense covering of branched cilia; and 3) duct cells each with a 6-//,m orifice. Yolk stalk cells are similar to the epithelium of the smooth proximal placenta. The rough distal placenta consists of ciliated, spherical "giant" cells, small columnar cells, and a fibrillar matrix. The yolk sac placenta at this time is completely depleted of yolk; it is a hollow sac with extensive vascularization on its internal surface. Transmission microscopy has revealed cells specialized for absorption on its outer surface. The interior surface is bounded by a mesothelium with a cytoplasm that is almost occluded by numerous "transport" vesicles. Preliminary experiments (Hamlett et ai, 1981a; Hamlett and Wourms, unpublished) have provided some information about nutrient absorption. In vitro administration of trypan blue to nearly full-term placentae of sandbar sharks, C. milberti, resulted in intense blue staining, evidence for pinocytotic activity, in the rough placenta with little or no uptake by the smooth placenta or yolk stalk. A pilot experiment using peroxidase as an ultrastructural tracer of protein absorption revealed that after a short (5-10 min) exposure, peroxidase was absorbed into apical canaliculi at the cell periphery.
The considerable increase in the weight of organic material (840% in Prionace glauca and 1,040% in M. canis) during gestation indicates that the yolk sac placenta is an efficient mode of nutrient transfer (Ranzi, 1932 (Ranzi, , 1934 . The embryos of both of these species are petite, and the efficiency of the yolk sac placenta may actual!) Downloaded from https://academic.oup.com/icb/article-abstract/21/2/473/206338 by guest on 18 September 2019 prove to be even greater when the more massive embryos of other species are examined. Ranzi established this almost fifty years ago, but there have been almost no physiological studies of nutrient transfer e then. An exception is Graham's (1967) study of placentation in Mustelus canis. Using PH]glucose, he demonstrated that low molecular weight organic substances "filter" across the placental tissues into the yolk sac cavities and from there are passed up the yolk duct into the intestine. He concluded that nutrient transfer through the placenta of late-term fetuses is non-hemotrophic. Questions arise with regard to the design of Graham's experiment, since glucose is so readily metabolized and the time scale of the experiment was prolonged. From a physiological viewpoint, the questions of placental function and embryonic nutrition are obvious. Less obvious is the question of alternative routes of nutrient transfer. The uterine fluid of M. canis has a high (9%) organic content (Ranzi, 1932 (Ranzi, , 1934 . What role does it play? Alternative pathways of absorption seem to exist after the establishment of the placenta in M. canis, since there is a dramatic increase in the uptake of labeled tracers from the uterine cavity (Graham, 1967) . The elaboration of appendiculae on placental cords also suggests an intrauterine route of absorption.
OSTEICHTHYAN FlSHES
The Osteichthyes or bony fishes can be divided into three subclasses: 1) Dipnoi or lungfishes with 6 living species; 2) Crossopterygii with one living coelacanth; and 3) Actinopterygii, the group that contains more than 99.9% of the living bony fishes. Traditionally, the Actinopterygii have been further divided into the chondrosteans or sturgeon-like fishes with 25 living species; the holosteans, bowfins and gars with 9 living species; and the teleosts. The osteichthyans are by far the most diversified and abundant (both in species and individuals) group of vertebrates. More than 18,000 species are placed in about 424 families (Nelson, 1976) . Reproduction is generally oviparous and fertilization external. In some groups and species, however, fertilization is internal and the great majority of these are viviparous. In these fishes, the number of eggs are reduced and the developing young are retained in the oviduct (coelacanth) or the ovary or follicle (teleosts). The subject of osteichthyan or teleostean viviparity has been reviewed by Benin (1958) ; Amoroso (1960) ; Breder and Rosen (1966) , Hoar (1969) , and Balon (1975) . Viviparity has independently evolved in the coelacanths and two groups of actinopterygeans, viz., the chondrosteans (an extinct genus, Birgeria; Beltan, 1977) and the teleosts. In living bony fishes, viviparity occurs in fourteen families, distributed among seven orders with a total of 123 genera and about 510 species (Table 4 ). The degree of maternal dependence in osteichthyans varies as greatly as it does in the chondrichthyans. All grades are present ranging from lecithotrophy, with little or no alteration of oviparous functional relationships, to extremely specialized degrees of matrotrophy in which maternal and fetal structure is considerably modified. The widespread taxonomic distribution, the diversity of adaptations, and the lack of correlation with particular habitats or geographical regions, argue for the independent evolution of osteichthyan, especially teleostean, viviparity, on many different occasions. Smith et al. (1975) , reported on the dissection of a gravid female that contained five advanced young averaging 318 mm in length. Each had a large yolk sac with no apparent connection to the surrounding oviducal wall. In spite of the large size of the embryos, it was suggested that coelacanths have a simple lecithotrophic form of viviparity. One of the nearterm fetuses weighs 547 g (wet) , and the large (9 cm) eggs weigh 185 g (dry) (Devys et al., 1972) . Using these values and extrapolating to the dry weight of the fetus, we estimated that there is a -2 to +23% change in weight during gestation (Table 6 ). This indicates a limited transfer of maternal nutrients from female to young. If, however, the smallest, free-living coelacanth (420 mm, 800 g wet weight) is not a juvenile (Anthony and Robineau, 1976) but is newly born, as Balon (1977) postulated, then the estimated increase in its weight of +9 to 43% is indicative of more extensive nutrient transfer. The duration of gestation has been estimated to be 10-13 mo (Smith et al, 1975; Hureau and Ozouf, 1977) . Unique adaptations for viviparity appear to be lacking. Unattached embryos develop within constricted, compartment-lik regions of the oviduct. The fetuses h large, flaccid, heavily vascularized yolk sacs nearly devoid of yolk . Scanning electron microscopy revealed that the yolk sac surface epithelium is smooth textured and unspecialized. The well-developed embryonic gut contained brown amorphous material, and light microscopy and scanning electron microscopy of the oviduct revealed that tubular glands with metachromatic secretions occur in the embryonic compartments . This suggests that oviducal secretions, i.e., histotrophe, may be a source of maternal nutrients. Another possibility is that the fetuses are oophagous. This is suggested by the discovery by Anthony and Millot (1972) of 19 mature but unfertilized eggs lying free in the body cavity. Apparently, these were ovulated eggs about to enter the oviduct through its anterior ostium (cf., Millot et al., 1978 , for anatomy of the reproductive system). Due to spatial constraints, it is highly unlikely that all 19 eggs could develop to term. Presumably, some eggs would develop while the rest eventually would be ingested.
Zoarcidae
The Zoarcidae or eelpouts are a family of marine fishes mostly confined to the polar and temperate regions of both hemispheres. With some exceptions, they are mainly found in the deeper waters of the continental slope and the great depths of the world ocean. Their reproductive biology has been reviewed by Mead et al. (1964) , Breder and Rosen (1966) , and Andriashev (1973) . The frequency with which viviparity occurs among the estimated 6 5 -150 species is not known. Mead et al. (1964) stated that the deep-water zoarcids contain both viviparous and oviparous species, but provided no details. Eggs of oviparous species tend to be large (ca. 7 mm) and few in number. The low fecunDownloaded from https://academic.oup.com/icb/article-abstract/21/2/473/206338 by guest on 18 September 2019 dity of oviparous species might facilitate a transition to viviparity.
The best known species in the family is Zoarces viviparus (Linnaeus) from the eastern North Atlantic. This is a bottom-dwell||pg, shallow-water species that sometimes inters brackish water. As the specific name implies, it is viviparous, a fact known since the seventeenth century. Its development was studied by Forchhammer (1819) and Rathke (1833) and it was the object of a classical anatomical and physiological study by Stuhlmann (1887) . More recently, Soin (1968) and Kristofferson et al. (1973) extended and updated previous studies. The egg leaves the ovarian follicle before fertilization. It is fertilized and develops in the ovarian cavity. The duration of gestation is about 3.5-4 mo. During the first 2 mo, the embryo is enclosed in an egg envelope. It hatches from this at a length of about 17 mm and attains a length of 33-45 mm during the succeeding 2 mo. The embryo increases in weight from 20-240 mg, an increase of 1,100% (Table 5 ) as a result of the absorption of histotrophe. Kristofferson et al. (1973) analyzed its chemical composition and found that it contains little or no protein, in contrast to an earlier report by Stuhlmann (1887) . A number of free amino acids identical with those of the blood were found in histotrophe, but at much lower levels. It was postulated that the embryos rapidly absorbed them. Cellular material was abundant. During late gestation, the lipid content of histotrophe increased to 12.2 mg/ ml, a hyperlipaemia paralleled by the blood sera. Korsgaard and Petersen (1979) reported that lipids are synthesized in the liver and released into the blood in response to elevated levels of estradiol during gestation. A modified ovarian vascularization was considered to be the site of transfer of soluble nutrients into the histotrophe. Electron microscopic studies suggested that a greatly enlarged hindgut with a hypertrophied intestinal epithelium was the chief site of nutrient absorption (Kristofferson et al., 1973) . Scanning electron microscopy (Lombardi and Wourms, unpublished) has demonstrated that the intestinal epithelium is organized into large villi, rather than the lamellar structures described by Kristofferson et al. (1973) .
Parabrotulidae
The Parabrotulidae, a family of marine fishes that includes two monotypic genera, Parabrotula and Leucobrotula, was formerly assigned to the Brotulidae (cusk-eels); they were reassigned first to the Zoarcidae and then to their own family, the Parabrotulidae (Nielsen, , 1973 .
Parabrotula plagiophthalmus is a deep-sea fish (1,500 m). Turner (1936) described full-term embryos that possessed three ribbon-like proctodeal extensions. He called these trophotaeniae and considered them to be similar to the trophotaeniae previously found in goodeid fishes. Turner believed that trophotaeniae were involved in respiration. They were described as having a syncytial surface epithelium which was derived from the surface epithelium of the embryo. Turner's specimens apparently were not sufficiently well preserved to permit critical cytological study. Examination of more recent and better-preserved museum specimens (Lombardi and Wourms, 1979, unpublished) has produced a revised view of trophotaenial morphology. Light and scanning microscopy revealed that the trophotaenial surface epithelium is cellular, not syncytial, and that the apical surfaces of the trophotaenial cells are festooned with microvilli. This suggests that they are gut derivatives, rather than epidermal derivatives. They could function in absorption. The trophotaeniae of Parabrotula, together with those of goodeids and ophidioids, are examples of evolutionary convergence.
Bythitidae and Aphyonidae
The order Ophidiiformes comprises a diverse group with approximately 135 genera and 300-400 species of predominantly marine fishes, some species being found in estuarine and fresh water. The ophidiiforms dominate large areas of the floor of the deep sea and also occupy pelagic and demersal habitats on the conti- nental shelf and in coral reef areas (Cohen and Nielsen, 1978) . The mode of reproduction was used by Cohen and Nielsen (1978) to delimit two suborders, one oviparous and one viviparous. The suborder Bythitoidei consists of the families Bythitidae and Aphyonidae. Within these two families of viviparous ophidioid fishes, there are 33 genera containing about 100 species. In the older literature, members of both families were referred to the Brotulidae. Aspects of ophidioid reproductive biology have been reviewed by Mead el al. (1964) , Breder and Rosen (1966) , , Nielsen (1969) , and Cohen and Nielsen (1978) . Among viviparous species of ophidioid fishes, insemination is accomplished via the male intromittent organ, a structure which exhibits varying degrees of complexity. Detailed descriptions of the copulatory apparatus in Dinematichthys and Ogilbia are given by Turner (1946) and Suarez (1975) . According to Suarez (1975) the male copulatory apparatus of Ogilbia cayorum includes a median penis, resting on a pedestal and surrounded by two pairs of ossified lobes, termed pseudoclaspers. These structures are apparently derived from the first anal fin ray and its associated pterygrophores and muscles. The apparatus is encased in a urogenital sheath derived from the circular muscles of the intestine and is protected externally by a fleshy hood. The female copulatory apparatus is of similar origin but lacks calcified structures. The oviduct, intestine, and urinary duct terminate separately in a small depression encircled by a ridge of dermal tissue and lying just anterior of the anal fin. The distal end of the oviduct is enclosed in a urogenital sheath. A genital pore lies behind the anus and is covered with two flaps of epithelial tissue derived from the first anal fin ray and its associated females bears two enlarged folds or lobes which may serve as copulatory guides. Based on anatomical studies, Suarez has speculated that copulation involves a delicate interlocking of the male and female copulatory apparatuses and sperm is transferred by the rhythmic pumping of sperDownloaded from https://academic.oup.com/icb/article-abstract/21/2/473/206338 by guest on 18 September 2019 matophores through the sperm duct. Observational evidence, however, is lacking. In nearly all viviparous, but not oviparous, ophidioid fishes, the sperm that is transferred is encapsulated in spermatophoreŝ i e l s e n etal., 1968). Exceptions exist. Calmopteryx goslinei is unique in not having spermatophores while the other two members of the genus do have them (Cohen, 1973) . Among fishes with internal fertilization, several modes of sperm transfer exist. Free spermatozoa may be transferred in mass or sperm may be transferred in organized units, viz., spermatophores or spermozeugmata Grier, 1981) . In spermatophores, sperm is enclosed in an extracellular capsule. Spermatophores have been reported in chondrichthyan fishes, viz., the basking shark, Cetorhinus, and a chimaera, Callorhynchus, and in several groups of teleost fishes, viz., Horaichthys, Tomeurus, and viviparous ophidioid fishes. Spermozeugmata are best known in the Poeciliidae, but have also been reported to occur in the goodeidae, some hemirhamphids, and one species of Anableps, A. dowi (Grier etal., 1981; Grier, 1981) . In addition, the structures in the embiotocid, Cymatogaster, which Gardiner (1978a) has described as spermatophores are most likely spermozeugmata. In spermozeugmata, sperm are not encapsulated. They form spherical aggregates and seem to be held together by an intercellular matrix (Nielsen etal., 1968) . In the poeciliids, radially oriented sperm heads are located peripherally and spirally coiled flagella are in the center of a "sperm ball." In goodeids and an embiotocid, the orientation of the sperm is reversed, with the sperm flagella projecting outwards. (Grier et al., 1978; Grier, 1981; Gardiner, 1978a) .
Ovaries are paired structures that are fused or joined at their posterior end (Lane, 1909; Niesen, 1969; Suarez, 1975) . As far as is known, fertilization of the egg takes place in the follicle and gestation occurs in the ovarian cavity (Turner, 1947) . Ovulation does not necessarily immediately follow fertilization. The duration of intrafollicular retention varies according to species. In Ogilbia cayorum, ovulation and hatching follow shortly after fertilization, while in Dinematichthys follicular gestation is prolonged to a mid-tailbud stage (Wourms and Bayne, 1973) . Moreover, embryos are enclosed in an egg envelope or chorion. According to species, hatching may coincide with ovulation or the developing egg may be ovulated into the ovarian cavity with its egg envelope intact. In Ogilbia and Dinematichthys, ovulation and hatching coincide. In Cataetyx memoriabilis (Meyer-Rochow, 1970) and Diplacanthopoma rivers-andersoni (Alcock, 1895) , the ovulated egg retains its envelope during much of ovarian gestation. Finally, the events of hatching may approximate parturition, e.g., Cataetyx, or precede it by a significant interval, e.g., at mid-late term in Diplacanthopoma.
Fecundity is uniformly low among the Aphyonidae (Nielsen, 1969) and varies considerably among the Bythitidae. In the latter group brood size is: 4-15 in Lucifuga (Lane, 1909) ; 14 in Ogilbia cayorum (Suzrez, 1975) ; 80-160 in Microbrotula randalli and M. rubra (Cohen and Wourms, 1976) ; 250-450 in Dinematichthys iluocoeteoides (Wourms and Bayne, 1973) ; 6,500 in Oligopus longhursti (Wourms and Cohen, 1975) ; and an estimated 12,000-15,000 in Cataetyx memoriabilis a fish five to six times larger than O. longhursti (MeyerRochow, 1970) . Differences in fecundity are not necessarily linked to differences in absolute size. The embryos of both M. randalli and O. longhursti have trophotaeniae. Even when the size difference between the two species is compensated for by extrapolating to equivalent ovarian volumes, Microbrotula is still less fecund, an estimated 800-1,300 embryos vs. 6,500 (Cohen and Wourms, 1976) . Trophotaeniae in O. longhursti may serve to maximize the advantage of high fecundity while in M. randalli, they may supplement an inadequate yolk reserve (Wourms and Cohen, 1975; Cohen and Wourms, 1976) . The relationship between fecundity and reproductive strategies needs to be re-examined when we are in possession of a greater comparative knowledge of the size of full term embryos, the duration of gestation, and the number and frequency of broods.
In general, information on maternal-fe-tal trophic adaptations is sparse and confined to a few species. Four types of trophic adaptations have been found in ophidioid embryos: adelphophagy, ovarian nipples, trophotaeniae, and absorptive fin folds. In Diplacanthopoma, Alcock (1895) postulated that the epithelium of the hypertrophied vertical fin-fold, which runs from the occiput around the tip of the tail to the vent, acts as an absorptive surface. This would be similar to the situation in the embiotocids. Embryos are surrounded by a thick, coagulable histotrophe. Adelphophagy has been demonstrated in the embryos of Cataetyx memoriabilis (=C. messieri) Meyer-Rochow by Gilchrist (1905) . In Figure 58 , he illustrates an advanced ovarian embryo observed while swallowing a somewhat younger embryo tail-first. At a similar developmental stage, Meyer-Rochow (1970) observed feeding in vitro by prematurely extruded ovarian embryos of this species. Suarez (1975) has postulated that while early and mid-term embryos of Ogilbia cayorum Evermann and Kendall are supplied with yolk, late stage embryos derive nourishment from ovigerous tissue. Stage five, full-term embryos that lack yolk, were observed with ovigerous bulbs or "ovarian nipples" in their well-developed mouths. Lane (1909) had made similar observations on the Cuban blind cave fish, Lucifuga. Ovigerous bulbs are fluidfilled vesicles composed of ovarian epithelium and capillaries. They project into the ovarian cavity where the advanced embryos "suckle" on them (cf., Fig. 18 in Suarez, 1975) . Incipient forms of histotrophe ingestion probably are widespread. Re-examination of fecundity data for Dinematichthys (Wourms and Bayne, 1973) suggests that there is a decline in the number of embryos during development and that some embryos may serve as food for others. Whether assimilation is by adelphophagy or the absorption of cytolyzed tissue is unknown.
Trophotaeniae have been described in the ophidioids, Microbrotula and Oligopus by Wourms and Cohen (1975) and Cohen and Wourms (1976) . These consist of ribbon-like processes that originate from a fleshy peduncle surrounding the perianal region. Each trophotaenia may be longer than the embryo itself. Their surface cells are continuous with, and identical to, embryonic intestinal absorptive cells. The trophotaenial surface is a simple columnar epithelium, the apical cell surfaces ŵ hich are densely covered with long crovilli. The major structural details of ophidioid trophotaeniae are virtually identical with those of Parabrotula and many goodeids. Since an absorptive function has been experimentally demonstrated for goodeid trophotaeniae, ophidioid trophotaeniae are most likely to behave in the same way (Wourms and Lombardi, 1979; Lombardi and Wourms, 1979) .
H emirhamphidae
The Hemirhamphidae or halfbeaks are marine or freshwater fishes of modest size. Information about viviparity in this group is fragmentary and scattered through the literature of fish systematics and the home aquarium (Breder and Rosen, 1966) . Of the twelve genera that comprise the family, four include viviparous species (Collette, personal communication; Wourms, unpublished) . These four genera, Dermogenys, Hemirhamphodon, Notnorhamphus, and Zenarchopterus, are found in fresh and brackish waters of Southeast Asia, the East Indies and the Central Pacific regions (Mohr, 1926 (Mohr, , 1936 . Fertilization is internal. Curious modifications of the anal fin in male hemirhamphids, first described in detail by Mohr (1926) for Zenarchopterus were reinvestigated by Brembach (1976) in the viviparous genera Dermogenys, Nomorhamphus, and Hemirhamphus. He suggested the term, andropodium, for the modified male anal fin. In Dermogenys and Nomorhamphus, the second ray of the andropodium possesses a "geniculus," a ventrally curved knee about mid-way along the ray, and the "tridens flexibilis," consisting of two laterally spread spines, and between them, the "spiculum," a continuation of the ray itself. A pouch-shaped packet, the "physa" is formed by the skin between the third and fourth rays. Although the actual process of copulation was not observed, anatomical and experimental evidence indicates that sperm is transferred to the fe- Little is known about the viviparity of these fishes and even less about their fetal trophic adaptations. The ovaries are iaired and encased within a thin wall. In emirhamphodon (Wourms, unpublished) and Zenarchopterus (Mohsen, 1962; Wourms, unpublished) , the paired ovaries converge posteriorly to form a heavily walled, dilated gonoduct, the luminal surfaces of which are festooned with villous projections (Mohsen, 1962) . In Dermogenys, embryos develop to term within the egg envelope, hatching just prior to parturition (Mohr, 1936; Soong, 1968) . Gestation takes about a month in Dermogenys and about 6-8 wk in Hemirhamphodon (Soong, 1968) . The ultrastructure of the egg envelope does not differ significantly from that of other viviparous teleosts (Flegler, 1977) . This pattern suggests lecithotrophy. Evidence based on embryo size and intraovarian growth suggests that nutrient transfer takes place during the development of Nomorphamphus hageni (Mohr, 1936) . According to Mohr, each of the paired ovaries is modified to form a dilated uterus-like structure. A strip of ovigerous tissue extends longitudinally along the uterine wall. A small number (6-10) of fully mature or developing eggs lie within the ovigerous tissue. Eggs are 2.5 mm in diameter. It would appear that fertilization and early development are intrafollicular. Embryos probably hatch at a length of 7.5-10 mm. Free embryos 11 mm in length and with no apparent yolk reserves were found in the "uterine" cavity, lying parallel to one another and the long axis of the "uterus." The intraovarian embryos grow from 11 to 20 mm at what is considered to be full term. Not only do they increase in length, but they also become more massive (Fig. 11 in Mohr, 1936) . It is reasonable to assume that additional maternal metabolites were required for this growth. Mohr (1936) provides evidence for superfetation in N. hageni with two broods developing simultaneously, one in the follicles, the other in the ovarian cavity. A form of superfetation also seems to occur in Hemirhamphodon kuekenthali Steindachner (Wourms, unpublished) . Each ovary contained a small number (6-8) of developing eggs that are linearly arrayed in a developmental series. The most posterior region of the ovary contained full-term embryos. From there, progressing anteriorly, mid-tailbud embryos, early tailbud embryos, and mature oocytes or very early developmental stages were successively encountered. In Dermogenys pusilliis females isolated in aquaria have produced up to 6 broods without another mating (Soong, 1968) .
Poeciliidae
Viviparity among teleosts is commonly associated with the Poeciliidae due to their ubiquity as home aquarium fishes. The poeciliids comprise a family of small fishes with about 136 species placed in 20 genera (Rosen and Bailey, 1963) . They are widely distributed in fresh and brackish waters throughout the tropical and subtropical New World. All are viviparous except the monotypic genus Tomeurus, a form that is nominally oviparous but may on occasion display facultative viviparity (Breder and Rosen, 1966) . As far as is known, fertilization is internal in all the poeciliids. Sperm, contained within spermozeugmata are transferred by the male gonopodium. In the poeciliids, radially oriented sperm heads are located peripherally and spirally coiled tails are in the center of the spherical "sperm ball" (Grier, 1981; Nielsen et al., 1964) . The gonopodium is an elongated intromittent organ formed from modified anal fin rays (Rosen and Gordon, 1953; Grobstein, 1940) . Its operation and role in copulation are discussed in detail by Rosen and Gordon (1953) . Prolonged follicular gestation is characteristic of all the poeciliids. In most species, the gestation time for a single brood is about 1 mo (Breder and Rosen, 1966; Tavolga, 1949) . Sperm storage is not uncommon and it is sometimes accompanied by superfetation. As might be expected in a large and diverse taxon, viviparity has evolved along many specialized paths. Structural and functional aspects of the maternal-fetal relationship have been described in detail by Turner (19376, 1940c, e) , Scrimshaw (19446, 1945) , and Tavolga (1949) .
Patterns of embryonic nutrition encompass nearly a complete range from strict lecithotrophy to pronounced matrotrophy. In terms of nutrition and nutrient transfer processes, three groups can be distinguished: 1) lecithotrophes; 2) unspecialized matrotrophes; and 3) specialized matrotrophes. Most poeciliids probably belong to the first two categories. They have eggs that are of modest size, ca. 2 mm in such well known genera as Poecilia, Gambusia, and Xiphophorus or larger, ca. 8 mm, as in Belonesox. Eggs of these sizes seem to contain a reserve of nutrients sufficient in themselves for development or to require only modest maternal amplification. Poeciliopsis monacha and the guppy, Poecilia reticulata, appear to be strict lecithotrophes. During gestation, they undergo a net dry weight loss of 38 and 25%, respectively (Table 5) (Thibault and Schultz, 1981; Depeche, 1976) . In Gambusia, Poecilia, Xiphophorus, and Belonesox, the dry weight of the embryo remains constant during gestation. This suggests a maternal contribution of about 30-40% (Scrimshaw, 1945) . Species that display such a pattern are considered to be unspecialized matrotrophes. Although the embryos receive maternal nutrients, they possess only these maternal and fetal adaptations common to all poeciliids. In contrast to the first two groups, some poeciliids, such as Heterandria formosa, and several species of Poeciliopsis (now including the genera Allophallus and Poecilistes, have small eggs with diameters of 0.4-0.8 mm. Yolk reserves are inadequate for development, and the embryos are dependent on maternal nutrients for growth. In Poeciliopsis turneri, there is a net increase in dry weight of 1,840% and in Heterandria formosa, an increase of 3,900% (Thibault and Schultz, 1978; Scrimshaw 19446, 1945) . Species with this pattern are specialized matrotrophes. Nutrient transfer is facilitated by a follicular pseudoplacenta. Superfetation is maximally developed in these species (Scrimshaw, 1944a; Fraser and Renton, 1940) .
Several maternal and fetal adaptations are associated with poeciliid viviparity.
The principal fetal adaptations are derived from an expanded pericardial sac (i.e., the pericardial somatapleure) and its associated portal capillary plexus. The relationship of the vascular network of the yolk sac and pericardial sac to internal structure is similar in oviparous and viviparous prinodonts (Turner, 1940c) . This may represent a case of pre-adaptation, if egg laying is considered to be the primitive condition. Turner (1940c) described the vascular network as a portal system uniting the Cuvierian ducts (common cardinal veins) with the sinus venosus, the anteriorly directed incurrent chamber of the heart. In fishes generally, blood returning from the body enters the plexus via the Cuvierian ducts and other routes. In the most specialized poeciliid embryos, however, this plexus is shifted entirely into the pericardial sac and its derivatives. The pericardial sac forms the pericardial amnion and pericardial chorion by anterior and dorsal growth and the anterior "belly" sac of the fetal follicular pseudoplacenta by posterior and ventral growth. The pericardial amnion and chorion = serosa (Tavolga and Rugh, 1947; Kunz, 1971) , previously called the pseudoamnion and pseudochorion by Turner (1940c) have been found in all poeciliids. In some species, all or part of the anterior end of the embryo may be covered by these structures. The development of the pericardial amnion and chorion may be best understood when Turner's (1940c) account of Heterandria is combined with Tavolga and Rugh's (1947) account of Xiphophorus. In both fishes, the pericardial sac grows and expands over the anterior one-fourth to one-third of the embryo to envelop it in a double-layered sac. The thin inner layer, composed of embryonic ectoderm internally and the mesoderm of the extra-embryonic cavity externally, adheres to the embryo. The outer layer, composed of embryonic ectoderm and mesoderm, "balloons out" over the embryo. It is vascularized by the portal plexus. According to Tavolga and Rugh (1947) , all of the species described by Turner (1940c) pass through this phase. Their subsequent fates differ, however. In Heteiandria, the entire pericardial amnion and chorion are retained; in Xiphophorous, Gambusia, Poecilia, and related genera, the pericardial sac is ruptured by the enlarging head so that only an ephemeral "neck KStrap" remains across the top of the head • (Tavolga and Rugh, 1947) . Turner (1940c) suggested that the "neck strap" originated from the yolk sac membrane and yolk sac flanges. Further study should resolve this point of disagreement. In Heterandria, the ectodermal cells of the pericardial chorion differentiate into conical glandular cells, and Turner (1940c) speculated that their secretory product might modify maternal nutrients in the follicular fluid. In many Poeciliopsis species, the pericardial sac ramifies ventrally and posteriorally to form the anterior portion of a "belly sac," while the coelom expands to form the posterior part of the "belly sac." The sequence of events is similar to what has been described for Anableps, except that the pericardial sac in Anableps forms the entire "bellywall." During gestation of the specialized, matrotrophic poeciliids, the follicles become highly modified. Follicular walls become extremely heavily vascularized and develop elongate vascular villi that are covered with a layer of secretory cells. Turner (1940c) applied the term follicular pseudoplacenta to the complex composed of the follicular wall with its villi, the follicular space, and the adjacent vessels of the portal system covering the belly sac. Villi are the most numerous in regions opposite the belly sac. Transfer of maternal-fetal nutrient is believed to take place at this site, especially during the early and middle phases of gestation (Turner 1940c) . The concept of the follicular pseudoplacenta has been extended to poeciliids, viz., lecithotrophes and unspecialized matrotrophes, that have only a pericardial amnion and chorion. In these species, the yolk sac forms the fetal portion of the pseudoplacenta. Jollie and Jollie (1964) described ultrastructural changes during the formation of the follicular pseudoplacenta in the guppy, Poecilia reticidata. The egg envelope persists during the first two weeks of the four-week gestation period. During the third and fourth weeks, it is lacking only in the pseudoplacental region. Throughout gestation, the inner follicular epithelium remains cellular and does not become syncytial. During the second week, these cells accumulate glycogen which is subsequently lost or transported. Follicular capillaries increase in size and number. The pseudoplacental barrier was found to consist of 6-7 layers: 1) maternal capillary endothelium; 2) basal lamina; 3) inner follicular epithelium; 4) peri-embryonic space; 5) fetal yolk sac epithelium; 6) basal lamina; and 7) fetal capillary endothelium. Because there was extensive evidence for micropinocytosis in all the cell layers of the barrier, Jollie and Jollie (1964) postulated that transplacental exchange is effected by micropinocytosis. On the basis of Depeche's (1976) weight determinations, the amount of material transferred is very modest.
There is little evidence, either direct or indirect, to document the passage of organic material into the embryo during gestation. Several recent physiological and ultrastructural studies, however, are enlightening. Wegman and Gotting (1971) administered Myofer, an iron-dextran tracer, to female Xiphophorus via intraperitoneal and intramuscular injection. After both 20 hr and 5 days, the tracer could be detected by electron microscopy in embrvonic tissues, thus demonstrating maternalfetal transport. Haas-Andela (1976) examined in vitro the nutritional requirements for early stage embryos, i.e., 3-4 days (=Tavologa Stage 9-11) of Xiphophorus helieri and X. maculatus. Survival of explanted embryos was nil (0%) in phosphate buffered Niu's solution and poor (25%) in Dulbecco's phosphate buffered saline. In contrast, when several organic substances, viz., glucose, casein hydrolysate, and chick embryo extract, were added to the phosphate buffered saline, 70% of the embryos cultured survived and eventually developed into fertile adults. These results agree with those of Trinkaus and Drake (1952) and Depeche (1976) that indicate a dependency on maternal nutrients during early development. Chambolle (1973) , although mainly concerned with the hormonal control of embryonic osmoregula-tion in Gambusia, also experimented with nutrient requirements. He found that the survival in vitro of early and middle stage embryos was poor in simple inorganic salines such as Ringer's solution. High rates of survival and normal development could be achieved in more complex inorganic media such as that of Keynes and MartinFerreira, which contained phosphates. He postulated that development in this species can proceed with little additional maternal contribution. Evidence, however, was presented of pinocytotic activity of follicular and fetal epithelia. In addition, by using cellulose acetate strip electrophoresis, he found that the intraovarian fluid contained nine bands of serum proteins that migrated at the same rate, and hence were presumed to be identical with the nine protein bands in the plasma. Does the embryo take up these serum proteins via micropinocytosis? Depeche (1973) examined the yolk sac and pericardial sac of Poecilia reticulata with scanning and transmission electron microscopy. Cell surfaces were found to contain a complex network of microridges similar to what has been described on the epidermal surfaces of other fish embryos. Microvilli, a characteristic of absorptive cells, were conspicuous by their absence. Depeche (1976) further considered the trophic relationships of P. reticulata embryos. During gestation, there is a decline in dry weight of 24%, indicating strict yolk dependency. Because of high standard deviations, however, his figures may not be significant. Embryos were cultivated in vitro in a number of inorganic media. The high rate of survival of older stage embryos in complex salines such as Hanks and Martin-Ferreira's, led Depeche to conclude that maternal nutrients (organic) were furnished only during the first week of the four-week gestation period. This agreed with the observation of Trinkaus and Drake (1952) that exogenous glucose was necessary for the survival and growth in vitro of early stage P. reticulata embryos. According to Depeche, radio-iodide absorption in ovario and in vitro occurs during the entire gestation period but diminishes with time. Ouabain-sensitive, active transport systems are present and are most sensitive during the first two weeks. L-Leucine was absorbed only during the first few days of development. From this, it was concluded that maternal nutrients are absorbed and used only during the first week of development. Theembryo then acquires a nutritional autonô my for the remaining three weeks.
Anablepidae
The Anablepidae are a group of fresh or brackish water fishes from Central and South America. Formerly, the family only contained the genus Anableps, the four eyed fishes. Recently, however, Parenti (1980) has revised the family and it now includes Jenynsia and the monotypic genus Oxyzygonectes. Jenynsia formerly occupied its own family. Anableps and Jenynsia are viviparous while Oxyzygonectes is oviparous.
In male anablepid fishes, a modified anal fin forms a gonopodium through which sperm is transferred. In Anableps dowi, but not A. anableps, incipient spermozeugmata are formed which then disintegrate (Grier et al., 1981) . A tubular gonopodium is found in both Anableps and Jenynsia but the development of the tube is very different in the two genera. In Anableps, all of the anal fin rays are retained but are bent and folded around the tube, whereas in Jenynsia several rays are deleted by absorption to make way for the tube (Turner, 1950) . The gonopodium is strikingly different from that of the Poeciliidae and Goodeidae in which the opening of the sperm duct is completely independent of the anal fin. The external morphology of the gonopodium of a mature male Anableps is that of a fleshy conical structure which is scaled except near the end. Its distal portion is bent and curved sharply to the right or left of the mid-line. This bilateral asymmetry occurs both in Anableps and Jenynsia. The fleshy mass encloses a tube through which sperm are discharged. The supporting fin rays are arrayed in a line at the base of the gonopodium but curved to form a rough circle in the distal half of the organ (Turner, 1950) . Breder and Rosen (1966) observed that the gonopodium is capable of considerable extension at times and shows a degree of flexibility at its distal portion.
A curious aspect of the reproductive biology of Anableps is the radical bilateral asymmetry of the external genitalia, •termed "sexual rights and lefts" by Miller (1979) . This was first discussed in detail by Garman (1895). As noted above, the gonopodium of the male is either dextral or sinistral. In females, a large scale called a shutter, or foricula, covers the gonopore.
It is unattached at one side so as to open to the right in some individuals or to the left in others (Garman, 1895). Burns and Flores (1981) note that the gonopore is not open in virgin females, nor during gestation, but only after the birth of a brood. According to Garman, 60% of the males in one population sample were dextral and 40% were sinistral, whereas the ratio is reversed in the females. More recently, Miller (1979) and Burns and Flores (1981) have reported ratios that are about equal. It is assumed that "left handed" males can only mate with "right handed" females and vice versa (Garman, 1895; Miller, 1979) . Observations of reproductive behavior, needed to test this hypothesis, apparently have not been made (Miller, 1979) . The genus Jenynsia contains three or four species of small (10 cm) fishes from southern South America. Their elaborate maternal trophic adaptations were described in detail by Scott (1928) and later analyzed by Turner (19406) . An ecological study of de Gil (1949) has provided additional information. Fertilization occurs within the ovarian follicle. The follicular wall soon ruptures, when the egg has progressed to a late blastula stage. Since the egg is released into the ovarian cavity with its chorion intact (Turner, 1947) , hatching must occur there sometime before the embryo starts to feed. Eggs have a small yolk reserve which is depleted by the 6-mm stage. As the yolk sac regresses, its respiratory function is taken over by a temporary hypertrophy of the extraembryonic pericardia! sac. In a 5-mm embryo, the pericardia! sac is 3 mm in diameter. This, too, begins to atrophy at the 6-mm stage and is resorbed by the 8-mm stage. After the absorbtion of its yolk, the embryo feeds for a while on ovarian secretions and cellular debris, drawn into its pharyngeal cavity through the opercular clefts. The possibility of some form of intrauterine cannibalism exists, because the number of embryos that survive to term is much less than the number of ova that are fertilized. According to Turner (1957) , the fecundity of Jenynsia lineata ranges from 12 to 102. During gestation, the ovarian tissues undergo a series of striking changes. Clubshaped processes from the lining of the ovarian cavity grow into an opercular cleft and fill the fetus' mouth and pharngeal cavity. Turner (1947) called this arrangement a "branchial placenta." The processes are highly vascularized and covered with an epithelium composed of very active secretory cells. Their secretory product is considered to be a major source of nutrients. The branchial placenta is also believed to have a respiratory function since ovarian flaps are closely apposed to the gills. The maternal and fetal blood systems are separated only by a thin sheet of ovarian epithelium and a single layer of gill epithelium (Scott, 1928; Turner, 19406) .
The three species of Anableps are the largest of the viviparous cyprinodontiform fishes, attaining lengths of up to 30 cm. They inhabit fresh and brackish waters along coastal Central America and northern South America. Anableps has been the object of considerable interest since its discovery in the eighteenth century. Early studies have been reviewed by Roethlisberger (1921) and Turner (1938a) . Information about development and trophic adaptations is mostly contained in Roethlisberger (1921) and Turner (1938a Turner ( , 1940d . More recently, Miller (1979) and Burns and Flores (1981) have investigated the ecology and reproductive biology of
Prolonged follicular gestation is characteristic of Anableps. The eggs are fertilized while in the follicles, and the developing embryos are retained within modified ovarian follicles until parturition. Anableps displays an extreme degree of matrotrophy. Its eggs are small, about 0.7 mm in diameter, and contain little yolk. Never-theless, the embryos attain a length of 45 mm at term in A. anableps Linnaeus and 60-75 mm in A. dowi Gill (Turner, 1938a; Miller, 1979; Burns and Flores, 1981) . Embryos are massive in form. The number in a brood varies according to the size of the female. There may be as many as 35 in a large (30 cm) female . It is estimated that during gestation, the young exhibit a 30,000-40,000% increase in dry weight. Maternal-fetal nutrient transfer in Anableps is brought about by means of a complex follicular pseudoplacenta and certain hypertrophied regions of the midgut or hindgut. The term, follicular pseudoplacenta, is applied to the complex composed of the extraembryonic pericardial sac of the embryo, the follicular space, and the apposed follicle wall, the surface of which is covered with villi. According to Turner (1940c) , the extra-embryonic pericardial sac develops early. In the 5-mm embryo, it is a globe-like protrusion that includes an extra-embryonic pericardial cavity. Since this structure is so large and occupies the same position as a yolk sac, it has been mistaken for one (p. 92 in Turner, 1940d) . However, the yolk mass is considerably smaller and is absorbed much earlier in development. The extra-embryonic pericardial sac, i.e., somatopleure, has expanded to form a "belly sac." The extra-embryonic pericardial sacbelly sac attains a maximum diameter of 10-15 mm in 21-mm embryos. A delicate membrane forms a partition between the pericardial cavity and the coelom. As the visceral organs enlarge within the coelom, they displace the coelomic-pericardial partition and protrude into the extra-embryonic pericardial sac. When the "belly sac" has attained its maximum size, the viscera, especially the gut, fill the sac. The extraembryonic pericardial cavity becomes all but obliterated by the displacement of the coelomic cavity. As development proceeds, the somatapleural walls of the "belly sac" become invested with a portal network of blood vessels. This portal system displays an unique specialization: at frequent intervals along the network of portal veins, large, round expansions, called vascular bulbs, are located. They are so numerous that the outer surface of the belly sac assumes a pebbled appearance (Turner, 1938a (Turner, , 1940c . The vascular bulbs are covered by cuboidal epithelial cells. Scanning electron microscopy (Wourms, unpublished) has shown that the apical surface of these cells is covered with microvilli. Concomitant with the development of the vascular bulbs, numerous vascular villi form on the inner wall of the heavily vascularized follicle. Close apposition of the follicular villi to the belly sac of the embryo constitutes the follicular pseudoplacenta. Respiratory and absorptive functions have been attributed to the follicular pseudoplacenta. The presence of microvilli on the cell surfaces of the vascular bulbs lends credibility to the absorptive hypothesis. Another embryonic adaptation in anablepids is a striking enlargement of the intestine. In A. dowi, the midgut is expanded, while in A. anableps the hindgut is expanded. The lumen of the gut is nearly filled with vascularized villi. The expanded intestine regions are believed to digest and absorb follicular fluid.
Goodeidae
The Goodeidae is a family of small freshwater fishes from Mexico and the southwestern United States. Recently, the family has been expanded by the inclusion of the genera Empetrichthys and Crenichthys (Parenti, 1980) . Both of these genera are oviparous. All of the remaining species in the family are viviparous and comprise the subfamily Goodeinae. For the sake of simplicity, the Goodeinae will be referred to as goodeids. The focus of their abundance is in the Rio Lerma basin where, as the result of adaptative radiation, they are the dominant family of fishes (Miller and Fitzsimons, 1971 ). The Goodeinae consist of 34 species contained within 18 genera. They have been studied extensively from systematic and evolutionary points of view, and their reproductive biology has played a central role in all of these studies (Turner, 1933; Hubbs and Turner, 1939; Miller and Fitzsimons, 1971; Fitzsimons, 1972) . With one exception, they all possess spec-tacular embryonic trophic adaptations, the trophotaeniae (Turner, 1937) .
The mechanism of sperm transfer in goodeids has been poorly understood and a subject of controversy until very recently. |The anal fin of male goodeids, unlike that of other viviparous cyprinodonts, is not modified into a gonopodium. Only the first 5-7 anal fin rays are differentiated. Since they are shorter than the other fin rays, this results in the characteristically notched appearance of the fin (Nelson, 1975) . According to Mohsen (1961) , the structure of the anal fin, in itself, is not adequate for sperm transfer. Instead, transfer is effected through a urogenital organ. This organ consists of a pearshaped muscular mass perforated by the vas deferens and urinary canal. Its distal end lies between the anus and the anal fin (Mohsen, 1961; Nelson, 1975) . During copulation, the anterior lobe of the male's anal fin is wrapped around the female's genital orifice producing a pocket and positioning the terminus of the male's urogenital organ near the opening of the pocket (Nelson, 1975) . On a histological basis, Mohsen (1961) postulated that muscular contraction of the urogenital organ produces a "spurt" of spermozeugmata capable of traversing the distance to the female's genital orifice. Grier et al. (1978) have shown that during spermatogenesis, spermatids under the apparent influence of adjacent Sertoli cells form spherical spermozeugmata in which the sperm are oriented with their flagella at the periphery and their nuclei in the center.
During gestation, goodeid embryos develop within the ovarian lumen. In the goodeids, there is a progressive specialization in ovarian gestation from strict lecithotrophy to extreme matrotrophy. With a progressive diminuition of yolk reserves, embryonic growth and development become increasingly dependent on a continued supply of maternal nutrients (Turner, 1933 (Turner, , 1940a . The most primitive of the goodeids, Ataeniobius toweri has the largest yolk reserve, a yolk sac about 1 mm in diameter. This supplies nutritive material for only the early stages of development.
Subsequently, nutrients are obtained from ovarian fluid drawn through the opercular openings and absorbed in the alimentary canal. The pericardial sac develops in the same way and to the same extent that it does in oviparous cyprinodont embryos. Trophotaeniae, the characteristic feature of the goodeids, are lacking (Turner, 1940a) . Within the goodeids, there is a progressive reduction in the size of the egg. Concomitant with this, there is a reduction in the role of the yolk sac and pericardial sac and an increase in the nutritive role of the trophotaeniae. The climax of yolk sac diminution and early development of the trophotaeniae occurs in Girardinichythys multiradiatus in which the trophotaeniae appear at the 25-somite stage. Precocious development of the trophotaeniae causes them to supercede the function of both yolk sac and pericardial sac. In G. multiradiatus, the trophotaeniae become voluminous (Turner, 1940a) .
Trophotaeniae are the chief site of nutrient absorption in goodeids. They are external, rosette-or ribbon-like structures that extend from the perianal region into the ovarian lumen. They consist of a simple surface epithelium surrounding a highly vascularized core of loose connective tissue. Considerable diversity in size, shape, and number of appendages exists within the two major types of trophotaeniae, viz., rosette and ribbon. The rosette form consists of a series of short, blunt, lobulated processes united at their bases and attached to the posterior end of the gut. Rosettes are found in the genera Allotoca, Goodea, Neoophorus, and Xenoophorus.
The ribbon form consists of long processes. A distinction has been made between the "sheathed" type with a wide, internal primary tissue space and the "unsheathed" type in which there are no primary tissue spaces. The ribbon type is found in the genera Alloophorus, Aineca, Chapalichthys, Characodon, Girardinichthys, Hubbsina, Ilyodon, Skiffia, Xenotoca, and Zoogoneticus. On the basis of their anatomical and histological organization, two functions were attributed to trophotaeniae, viz., gas exchange and the absorption of nutrient materials from the surrounding ovarian environment (Turner, 1933 (Turner, , 1937 (Turner, , 1940a Mendozoa, 1937) . Until recently, however, there was no experimental evidence to confirm these hypotheses.
Recently, maternal-fetal nutrient transfer in goodeids has been the subject of experimental analysis. To document the extent of transfer in Ameca splendens Miller and Fitzsimons, values for dry weight and caloric content were determined in embryos during the course of development. Dry weight increased by 8,430%, from a 0.21-mg egg to an 18-mg full-term embryo. Caloric content underwent a similar increase. Secreted ovarian histotrophe must be the nutrient source (Lombardi, 1979; Wourms and Lombardi, 19796) .
Histotrophe analyses with SDS gel electrophoresis indicated that as many as four or five proteins are present (Lombardi and Wourms, 1979, unpublished; Wourms and Lombardi, 19796) . Transmission and scanning electron microscopy have been used to describe the fine structure of trophotaeniae (Mendoza, 1972; Lombardi and Wourms, 1979, unpublished; Wourms and Lombardi, 19796) . Such studies revealed a trophotaenial epithelial cell morphology nearly identical with that of the embryonic intestinal absorptive cells. This finding is consistent with the absorptive function attributed to them. Trophotaeniae consist of a simple surface epithelium surrounding a vascularized core of loose connective tissue. Epithelial cells possess an apical brush border, and endocytotic apparatus, lysosomes, phagocytic vacuoles, and the standard cell organelles. The microvilli of the brush border have the "loose" organization characteristic of the embryonic gut. There are prominent intercellular spaces, commonly seen in transporting epithelia. Epithelial cells rest on a well-defined basal lamina. The connective tissue core consists of a fibrous extracellular matrix and fibroblasts. Within this lies a vascular bed. Capillaries are located adjacent to the basal surface of the epithelia, while arteries and veins occupy a central location.
Although an absorptive function was assigned to the cells of the trophotaeniae long ago, this idea has never been tested.
We have studied protein absorption ultrastructurally using a horse radish peroxidase (HRP) tracer and acid (ACPase) and alkaline (ALPase) phosphatase cytochemistry. The brush border was ALPase reactive. From 1.5-10 min after initial ex sure in vitro (at 22°C), HRP was localize in pinocytotic pits and apical tubular invaginations. At 10 min, HRP activity appeared in large apical vacuoles with either a homogeneous content or a peripheral ring of reaction product. From 20 min to 6 hr later, HRP appeared in macrovacuoles which contained aggregates of myelin figure-like inclusions. ACPase activity was associated with these vacuoles. Eventually, HRP activity could no longer be demonstrated in the macrovacuoles, and this suggests enzymatic hydrolysis. The presence of Golgi complexes, "residual bodies," and secretory granules in the infranuclear region suggest that products of protein absorption and hydrolysis are discharged from the basal cell surface. They would then cross the basement membrane, traverse the connective tissue core, and enter the vascular system via transport across the capillary endothelium (Lombardi and Wourms, 1979; Wourms and Lombardi, 19796) .
Trophotaeniae occur not only in the goodeids but also in a parabrotulid and the ophidioids, and we have attempted to explore their evolutionary origin. We have proposed that trophotaeniae are the culmination of an evolutionary sequence of convergent adaptations of the embryonic gut (Wourms and Lombardi, 1979a) . The proposed sequence is: 1) origin from a simple tubular embryonic gut; 2) precocious enlargement of mid-or hindgut (embiotocids and Anableps); 3) hypertrophy of intestinal villi or lamellae (embiotocids, zoarcids, clinids); 4) exteriorization of the gut epithelium via differential growth to form short trophotaenial rosettes (some goodeids); and 5) increase in number and elongation of trophotaenial rosettes (some goodeids); and 6) increase in number and elongation of trophotaeniae (other goodeids). The addition of an external trophotaenial absorptive route to the standard intestinal pathway increases the efficiency of Downloaded from https://academic.oup.com/icb/article-abstract/21/2/473/206338 by guest on 18 September 2019 nutrient transfer. Trophotaenial evolution probably involves a progressive heterochrony of genes regulating the rate and extent of intestinal cell differentiation. This would produce a non-allometric hyof gut tissues.
Scorpaenidae
The Scorpaenidae or scorpionfishes are predominantly demersal fishes that occupy shallow to moderate depths throughout the world ocean. Most of the species are oviparous. Viviparity is confined to one of the three major subfamilies, the Sebastinae (Moser, 1966) . Four genera of scorpaenid fishes {Sebastes = Sebastodes, Sebastiscus, Helicolenus, and Hozukius), including about 110 species, are viviparous. Of these, the genus Sebastes is best known. Represented by more than 50 species, the sebastine fauna is characteristic of the Pacific coast of North America (Phillips, 1957) . Sebastine viviparity was first described in the North Atlantic redfish, Sebastes viviparus, by Kroyer, (1844). The reproduction and development of scorpaenids has been reviewed in part by Breder and Rosen (1966) and Moser (1966 Moser ( , 1967a . Rockfish and redfish viviparity is distinguished from all other kinds by its extraordinary brood size, e.g., in excess of two million in Sebastes paucispinis (Moser, 1967a; Phillips, 1964) . To satisfy the respiratory demands of the developing embryos, a specialized dual arterial system supplies the ovary, and there is some evidence that the post-ovulatory follicle may participate in this process (Williamson, 1911) . Fertilization and development take place in the ovarian cavity. Mizue (1959) described the morphology of the male copulatory organ in a viviparous species, Sebastiscus marmoratus, and an oviparous species, Scorpaena inermis, and found they were remarkably similar. Mating may take place 6 mo before fertilization, as in some populations of Sebastes marinus (Sorokin, 1961) . Additional information on development and ovarian structure of S. marinus has been provided by Liiling (1951 ), Magnusson (1955 , and Sorokin (1961) . The duration of gestation is in the order of 20-30 days according to species (Moser, 1967a) . The embryo develops within the egg envelope. In 5. marinus and some congeners, hatching occurs just prior or just after parturition, by which time the yolk reserves are largely absorbed, but in 5. paucispina and others, hatching normally precedes release from the female (Moser, 1967a) . Sebastes embryos are lecithotrophic and lack trophic adaptations. Embryos of the Atlanta redfish, Sebastes marinus, undergo a net weight loss of 34% during development (Scrimshaw, 1945 ). This value is essentially the same as the 40% value reported for the oviparous rainbow trout Salmo gairdneri Scrimshaw (1945) . It might be assumed that most viviparous species of scorpaenids develop in a similar fashion but this hypothesis has not been fully tested. One known exception is Helicolenus. Within the ovary of H. percoides, the hundreds of thousands of developing embryos are embedded in a mass of jelly-like material. At parturition this mass is extruded. As the jelly dissolves, the larvae are released. The post-partum larva possesses a yolk sac and does not eat for four days (Graham, 1939; Krefft, 1961) . No information is available on its energy budget. Does the jelly serve a trophic function?
Comephoridae
The Comephoridae or Baikal oilfishes consist of two species, Comephorus baicalensis and C. dybowskii, endemic to Lake Baikal in eastern Russia. They are small, pelagic fishes usually found at depths of 100-1,000 m. Chernyayev (1971 Chernyayev ( , 1974 recently investigated their reproduction and development. The conical copulatory organ of the male is a hypertrophied urogenital papilla that lies behind the anus. During mating, it undergoes erection and is inserted into the genital opening of the female. Gestation is ovarian and prolonged (90 days in C. baicalensis and 100-120 days in C. dybowski). Developing embryos are enclosed in egg envelopes and hatch very shortly before or during parturition. Thus, one would expect development to be lecithotrophic. However, there is no change in dry weight during the gestation of C. dybowski according to Chernyayev (1971) . This implies a transfer of maternal nutrients of about 30-40% of egg weight. It has been suggested that the embryos obtain additional trophic materials from the ovarian fluid. The egg envelope may not serve as a barrier since it is subject to partial enzymatic hydrolysis. No information about maternal or fetal sites of transfer was given. The new-born young are less than 1 cm long, and the number in a single brood ranges from a few hundred to 46 hundred.
Embiotocidae
The embiotocids or surfperches are a rather uniform group of small and medium-sized fishes. They are amphi-Pacific in distribution with 21 species in the eastern north Pacific and two near Japan and Korea. Although they typically frequent shallow, in-shore waters, one species, Zalembius rosaceus, occurs in deep water. The group is predominantly marine, but Hysterocarpus traskii (Gibbons) inhabits freshwater (Tarp, 1952) . Since their introduction to the scientific world by Agassiz (1853) , surfperches have been the subject of considerable interest. Most of the research has been carried out on species from the Pacific coast of North America, especially Cymatogaster aggregata and, to a lesser extent, Embiotoca lateralis and Rhacochihis vacca. The reproductive cycle (Weibe, 1968) development (Eigenmann, 1894) , and the functional relationship between the embryo and ovarian tissue (Blake, 1867; Eigenmann, 1894; Turner, 1938ft; Igarashi, 1962; Webb and Brett, 1972a, ft) have been carefully investigated.
The reproductive biology of Cymatogaster aggregata and probably most other embiotocids is unique since the male and female annual reproductive cycles are 6 mo out of phase. In the males, spermatogenesis begins in early spring and produces mature sperm by June or July (Wiebe, 1968) . Copulation takes place in the summer, following elaborate reproductive behavior. During each reproductive season the anal fin of the male develops a complex system of appendages and tubular structures that are used for sperm transfer (Wiebe, 1968) . The anal fin shows no modifications during the winter. By mid-May, swellings appear on each side of the anterior anal rays. By the end of June, these have differentiated into several fleshy lobes separated by distinct grooves. One lobe terminates in a retractile tubular structure which projects anteriorly. T scales and epithelial lining at the base o the anal fin rays are arranged so that a continuous canal is provided from the gonopore to the tubular projection. Sperm and seminal fluid released from the gonopore pass along this groove to the retractile tubular structure. During copulation, the male turns on his side and by moving the anal fin laterally, applies the copulatory appendages to the urogenital region of the female (Wiebe, 1968) . Sperm is actually transferred in the form of spheroidal packets, each of which contains about 600 spermatozoa. Gardiner (1978a) has categorized these structures as spermatophores. They appear, however, to be spermozeugmata. Wiebe (1968) describes the sperm in the spermozeugmata as being oriented with their heads outward. Gardiner's (1978a) electron micrographs, however, suggest that the flagella occupy a peripheral position. Following copulation, sperm is stored within pockets in the ovarian epithelium (Gardiner, 1978ft) . Fertilization occurs in mid-December, 5-6 mo after copulation (Wiebe, 1968) . Prior to this, oocyte formation is most active. Vitellogenesis and oocyte maturation take place from October to December. Fertilization occurs within the follicle, and, according to Eigenmann (1894) and Turner (1947) , the egg in effect hatches at the time of ovulation when it is still in the cleavage stages. Eggs are released into the ovarian cavity where they complete their development. Gestation lasts about 6 mo. An individual female produces 7-20 embryos. Older females produce more and larger embryos (Turner, 1938ft) . Surfperch eggs are small and nearly yolk free (Eigenmann, 1894). In contrast, embryos undergo a dramatic increase in size (up to 40 mm) and weight (+24,000% in Table 5 ) during gestation (Turner, 1938ft; Webb and Brett, 1972a) . The developing embryos depend on secretions of the ovigerous folds for nourishment. Development takes place within a single median ovary. (Reference should be made to the following publications for a description of ovarian morphology: Turner, 19386; Wiebe, 1968; Gardiner, 19786) .
ing early gestation, the ovarian epitheium displays intense secretory activity. As a result, the ovigerous tissue spaces and the ovarian cavity are filled with secreted ovarian fluid. At this point, the ovary does not possess exceptional vascularization. During the latter half of gestation, the situation is reversed. There is a marked increase in the vascularization of ovarian walls and ovigerous tissue, accompanied by a reduction in secretory activity. Turner (19386) concluded that the mechanism for satisfying the trophic needs of the young embryos differs considerably from that of the older embryos. The relatively modest requirements of the young embryos presumably can be satisfied by absorption or ingestion of secreted histotrophe, but the greater demands of the older embryos must be met by the passage of trophic materials from the maternal blood vascular system across the intervening cellular layers and into the fluid-filled ovarian cavity. There, metabolites are sequestered by the embryo. Recently, McMenamin (1979) has provided information necessary to better understand the functional relationships of the ovigerous folds. By observing live material, he was able to demonstrate that the ovigerous folds form compartments around each embryo, thus facilitating transfer. Arteries within the folds contain a thick layer of smooth muscle. The muscle normally contracts during parturition, apparently in response to neurohypophyseal peptides. Contraction also occurs during fixation and produces shrinkage artifacts. As a result, compartmentalization went unnoticed until recently.
Several possible embryonic routes of histotrophe abosrption have been postulated, viz., gills, fin epithelium, ingestion, and the hindgut. During gestation, the vertical fins hypertrophy, develop spatulate extensions and become highly vascularized. They constitute the major free absorptive surface (Webb and Brett 1972a, b) and are believed to assist in nutrition and respiration. The epithelium of the ovigerous folds often become closely apposed to the embryonic gill tissue, a relationship similar to the branchial placenta of jenynsiids (Turner, 1952) . During mid-gestation, the alimentary canal begins to function in the digestion and absorption of ingested histotrophe (Turner, 19386) . Hypertrophy of the embryonic hindgut appears to be an embiotocid characteristic (Eigenmann, 1894) . In Neoditrema ransonneti Steindachner, as soon as the yolk has been absorbed (5-mm stage), the hind gut begins to enlarge. By the 8-mm stage, it has greatly hypertrophied and protrudes from the body. It is bounded by a very thin region of the body wall and is lined with long, vascularized villi. This situation persists until the 35-mm stage (Igarashi, 1962) . Scanning electron microscopy of villi in the hindgut of Micrometrus minimus (Gibbons) revealed that the apical surfaces of component cells are covered with microvilli (Dobbs, 1975) . Wourms and Cohen (1975) have suggested that the villi may function as internal trophotaeniae for the direct absorption of material via an anal route.
Clinidae and Labriosomidae
The Clinidae and Labriosomidae are small marine fishes, generally demersal, that occupy habitats in shallow coastal waters and the continental slopes of the Atlantic, Pacific, and Indian oceans. These fishes are sometimes called kelpfish, klipfish, or clinid blennies. They are particularly abundant on the west coast of North and South America, in the Caribbean Basin, South Africa, and southern Australia. Until recently, the two families were considered to be one, the Clinidae (George and Springer, 1980) . Knowledge of viviparity in both families is unsatisfactory and in a state of flux. Most of the Clinidae, an estimated 60 species in 16 genera, and some Labriosomidae, an estimated 21 species in two genera, are viviparous. In the Clinidae, all species within the tribe Ophiclinini and many species within the Clinini are viviparous. All species within the tribe Myxodini are oviparous. In the Labriosomidae, Xenomedea and the Pacific species of Starksia are viviparous, but the Atlantic species of Starksia are oviparous. In both the Clinidae and Labriosomidae, sperm transfer is effected through the intromittent organ of the male. In the Clinidae, the genital papilla is modified into a complex fleshy intromittent organ (Penrith, 1969) . Within some genera of the Labriosomidae, viz., the Pacific species of Starksia and Xenomedea, males possess a compound intromittent organ in which the first spine of the anal fin is free of the second spine and is united with an elongated genital papilla (Al-Uthmann, 1960; Rosenblatt and Taylor, 1971) . Information on viviparity is scattered through the systematic literature (Penrith, 1969; Springer, 1970; Rosenblatt and Taylor, 1971; George and Springer, 1980) . Three studies by Veith (1979a, b; on Clinus superciliosus represent the most significant contributions to an understanding of the maternal-fetal tropic relationships among the clinids. Gestation is intrafollicular. Superfetation is well developed with up to twelve simultaneous broods (Veith, 1980) . There is a marked increase in fetal weight during gestation, estimated at 34,370%. Maternal-fetal trophic transfer thus must be extensive. Vieth analyzed the chemical composition of the follicular fluid (=histotrophe). It was particularly rich in lipids (76.2 mg/100 ml) and amino acids; the acid concentration exceeded normal values for human plasma. A wide variety of amino acids were present in follicular fluid, some of which were at surprisingly high levels, viz., glutamic acid, valine, isoleucine, leucine, and lysine. Total protein concentration was low (1.51 mg/ 100 ml). However, follicular fluid contained the same five protein fractions that are present in maternal clinid plasma. Autoradiography and scanning electron microscopy were used to study nutrient absorption (Veith, 1980) . During early development, absorption was stated to occur mainly through the epidermis of the dorsal fin, pericardial sac, and yolk sac. Later, most absorption takes place through the hypertrophied mid-and hindgut. Electron microscopy showed that the epidermal cells supposedly involved in absorption possessed microridges and microplicae similar to the boundary epithelia of most fish embryos, and only occasional regions of recognizable microvilli were illustrated. Corroboration of the postulated transepidermal transfer route would be desirable. Moser (1976, unpublished) also has vided some basic information about viviparity. In the South African Pavoclinus mus, females are gravid throughout the year except in April. The female may contain up to seven separate broods, each at a different developmental stage. This evidence for superfetation confirmed earlier observations by Penrith (1969) on several other species of South African clinids. Gestation is follicular, the embryo remaining in its follicle almost to term. During development, the young increase greatly in size, and a substantial maternal contribution has been postulated. The follicular wall apparently is modified for nutrient transfer. In the Labriosomidae, limited superfetation (two broods) occurs in at least some species of Starksia (Rosenblatt and Taylor, 1971) . On the other hand, the embryos of Xenomedea, are all of one stage and considerably greater in number, about 250 per brood. Gestation in both Xenomedea and Starksia is follicular.
CONCLUSION
This review summarizes the present state of knowledge of maternal-fetal relationships, especially the trophic relationship, in viviparous fishes. Several points of interest emerge. Viviparity has repeatedly and independently evolved from oviparity among fishes. This marks its first appearance in the vertebrate line. Nearly all of the adaptations for viviparity found in higher vertebrates, especially mammals, first appear in fishes. Fishes also possess unique adaptations. The evolution of viviparity established specialized maternalfetal relationships, one of which is the trophic relationship. Maternal-fetal nutrient transfer occurs and ranges from nil in strictly lecithotrophic species to extensive in matrotrophic species. Fishes have independently evolved many adaptations to facilitate nutrient transfer. In terms of their structure and function, adaptations display both convergence and parallelism.
The most efficient and biologically interesting adaptations are: trophotaeniae; the yolk sac placenta; the follicular pseudoplacenta and pseudoamnion and chorion; uterine trophonemata; the branchial plafcenta; combinations, e.g., surface epithelia 'and hypertrophied hindgut; and oophagy and adelphophagy. The evolution of these adaptations involved a limited number of tissues, viz., the yolk sac, somatopleure, gut, and the maternal follicular, ovarian, and uterine epithelia. Although the functional morphology of trophic adaptations has been systematically worked out at the level of optical microscopic histology, there have been surprisingly few ultrastructural, physiological, and biochemical studies. Moreover, the basic knowledge of viviparity is quite uneven. Some groups of viviparous fishes have received only cursory treatment.
My original intention had been to consider the evolutionary and ecological significance of viviparity in addition to the developmental, morphological and physiological basis of the maternal-fetal trophic relationship. Fish viviparity, due to its repeated independent evolution, convergences, and parallelisms, offers unique opportunities to explore the evolution of the developmental process (cf., Gould, 1977) . Some aspects of the problem have been considered elsewhere (Wourms and Cohen, 1976; Wourms, 1977; Wourms and Lombardi, 1979a) . In similar fashion, the diversity of adaptations within closely related taxa presents an opportunity to study the relationship between ecology and development (cf., Thibauk and Schultz's (1979) exemplary study of Poeciliopsis). Due to limitations of space, the planned discussion must be postponed. At this point, it is appropriate to conclude by paraphrasing Hoar's (1969) statement that a multitude of fascinating problems awaits the physiologist, developmental biologist, ecologist, or evolutionary biologist who becomes interested in viviparous fishes.
NOTE ADDED IN PROOFS
After completion of this review, Teshima's (1981) comprehensive study of reproduction in the Japanese smooth dogfish sharks appeared. It provides information about reproductive biology and maternalfetal relationships, and contains an interesting discussion of the evolution of viviparity and the yolk sac placenta in sharks.
